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SUMMARY
In recent years, global mobile data traffic has been increasing exponentially as
mobile devices pervade our daily lives. To cope with the ever growing demands for
higher data rates and seamless connectivity, one solution is to drastically increase the
number of macro base stations in the conventional cellular architecture. However,
this results in high deployment costs. Deploying low-power nodes such as relays
that do not require a wired backhaul connection within a macrocell is one of cost-
effective ways to extend high data rate coverage range. Relays are typically deployed
to increase signal strength in poor coverage areas or to eliminate dead spots. But
more importantly, relays provide a natural diversity, called cooperative diversity. In
addition to a direct signal from a base station, extra copies of the same signal are
forwarded from relays. Utilizing this diversity at the destination can yield significant
performance enhancements. Thus, cooperative relay strategies need to be considered
to enable high data rate coverage in a cost-effective manner.
In this dissertation, we consider a simple single-relay network and present low-
complexity and power-efficient cooperative relay designs that can achieve low error
rate. We first study decode-and-forward (DF) relay networks with a single antenna
at each node, where the relay decodes the received signal and forwards the re-encoded
information to the destination. In DF relay scheme, decoding at the relay is not per-
fect and the error-propagation phenomenon is a detrimental problem, preventing the
destination from collecting the cooperative diversity. To enable cooperative diversity
in DF relay networks, we adopt link-adaptive power-scaling relay strategies where
x
the relay scales the transmission power of the re-encoded signal based on the relia-
bility of the source-relay link. We generalize power-profile designs and analyze the
diversity order enabled by the general power-profile designs. We provide necessary
and sufficient conditions for the designs to enable full cooperative diversity at the
destination.
In the second part of this dissertation, we extend the power-scaling relay strat-
egy to DF multi-input multi-output (MIMO) relay networks, where multiple anten-
nas are adopted at each node, and show that full cooperative diversity can also be
achieved here. To collect spatial diversity provided by multiple antennas without us-
ing maximum-likelihood equalizers (MLEs) or near-ML detectors which exhibit high
complexity, channel-controlled automatic repeat request (CC-ARQ) scheme is devel-
oped for DF MIMO relay networks to enable spatial diversity with linear equalizers
(LEs) maintaining low-complexity. We also show that joint cooperative and spatial
diversity can be achieved at the destination when the power-scaling strategy and the
CC-ARQ with LEs are combined.
Finally, amplify-and-forward (AF) MIMO relay designs, where the relay simply
amplifies the received signal and forwards it to the destination, are studied with
consideration of peak-power constraints at the relay. One practical concern for AF
relaying is that the output signal at the relay may suffer from large peak-to-average
power ratio (PAR), which may cause nonlinear distortion and/or saturation in the
transmitted signal due to the limited linear range of power amplifiers. Thus, we
first investigate peak-power constrained power-scaling strategies and find a sufficient
condition to enable joint cooperative and spatial diversity at the destination. Based
on this study, we propose simple and practical AF MIMO relay designs with peak-
power constraint at the relay. CC-ARQ is also applied to AF MIMO relay networks





There have been revolutionary changes in cellular communications systems since
the first-generation (1G) analog-based radio networks were introduced in the 1980s
[61]. Emerged in the 1990s, the second-generation (2G) systems made the transition
from analog to digital signals and provided circuit-switched low-speed data services
[70, 97]. The third-generation (3G) systems appeared in the 2000s and introduced
packet-switched techniques for high-speed data transmissions [4, 72]. As the mo-
bile broadband traffic grows exponentially, Release 8 of Long-Term Evolution (LTE)
standard was frozen in December 2008 by the Third Generation Partnership Project
(3GPP) [2]. LTE offers high spectral efficiency, low latency, and high peak data
rates using a new air interface technology (orthogonal frequency-division multiple ac-
cess (OFDMA)/single-carrier FDMA (SC-FDMA)) and advanced antenna techniques
[45]. LTE Release 10, referred to as LTE-Advanced, has recently been finalized in
March 2011 [1]. LTE-Advanced significantly enhances LTE Release 8 to meet the In-
ternational Mobile Telecommunications (IMT)-Advanced requirements for the fourth-
generation (4G) definition given by the International Telecommunication Union (ITU)
[44].
As radio link performance is approaching theoretical limits with 3G and LTE,
more fundamental enhancements are sought to improve the network capacity. Het-
erogeneous networks, where low-power nodes are deployed within macrocell coverage,
are receiving significant attention in industry as a cost-effective way to boost the
network capacity [15, 18]. In heterogeneous networks, relay nodes can be used to fill
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the coverage hole, increase signal strength in poor coverage areas such as cell edge,
and extend the coverage, providing a uniform broadband experience to mobile users
anywhere in the network.
In addition to extending the network coverage, relay-assisted communications, or
cooperative communications, can also be used to combat channel fading effects. To
quantify the error performance of wireless transmissions over fading channels, we use
diversity order. Diversity order is defined as the negative asymptotic slope of the
average error probability versus the average signal-to-noise ratio (SNR) when plotted
in a log-log scale [109, 121]. The higher the diversity is, the lower the error probability
is when SNR is high. Therefore, diversity-enriched transceivers have well-appreciated
merits to cope with the deleterious fading effects [98]. It is well known that the diver-
sity order depends on the degrees of freedom provided by the underlying fading chan-
nels using temporal, frequency, polarization, and spatial resources [11, 51, 78, 111].
In cooperative communications, distributed relays, cooperating to transmit/receive
their intended signals, form a virtual antenna array to provide a natural diversity.
Suppose that a source transmits a message to a destination, but obstacles degrade
the source-destination link quality. Thanks to the broadcast nature of the wireless
channel, the same message can be heard and forwarded to the destination by relay
nodes. The destination may combine the signals received from the source and relays
to decode the message. This creates a type of diversity, called cooperative diversity,
and designing diversity-enabled relays is important for low error rate.
Multi-input multi-output (MIMO) techniques can be adopted to relay networks to
provide higher rates and reliability. With multiple antennas, receive diversity can also
be collected by using maximum-likelihood equalizer (MLE) at the receiver. Although
MLE enjoys maximum receive diversity, the decoding complexity also increases ex-
ponentially as the number of antennas and/or the constellation size increases, which
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makes it infeasible for practical systems. To reduce the decoding complexity, low-
complexity equalizers, such as linear equalizers (LEs), are often adopted. However,
they may not collect the diversity enabled by the channel, showing inferior perfor-
mance compared to MLE. The error performance of LEs is investigated in [66] to
reveal the fundamental condition to achieve full diversity as MLEs do. It is shown
that the channels need to be constrained within a certain distance from orthogonality.
This condition should be considered at the receiver to collect full diversity with LEs.
It is also important to acknowledge that intrinsic nonlinear characteristics such
as peak-power or peak-amplitude constraints exist in many components in communi-
cation systems. Since practical power amplifiers (PAs) have limited linear range, the
output signal may experience nonlinear distortions and/or saturations. For example,
when conventional fixed-gain amplify-and-forward (AF) strategy [48] is adopted, the
relay output signal waveform may have high PAR depending on the received signal.
Thus, the new AF relay output should be designed with peak-power constraints so
that PAs operate solely in the linear region without saturation and without the need
of a large back-off.
1.2 Objectives
The objective of this dissertation is to present practical wireless cooperative relay
designs that can achieve low error rate, low-complexity, and high power efficiency.
More specifically, this dissertation focuses on the following topics:
• Diversity-enabled power profiles at the relay for decode-and-forward (DF) co-
operative relay networks;
• Low-complexity DF MIMO relay designs achieving joint diversity;
• AF MIMO relay designs with peak-power constraint.
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For DF cooperative relay networks, where the relay decodes the received signal
and forwards the re-encoded information to the destination, the decoding errors at the
relay may be propagated to the destination, and thus the destination cannot collect
the cooperative diversity. To enable cooperative diversity in DF relay networks, we
adopt general link-adaptive power-scaling relay strategies. We analyze the diversity
enabled by the power profile desgins.
For DF MIMO relay networks, MLE can be adopted at the receiver to collect spa-
tial diversity provided by multiple antennas. However, the high decoding complexity
makes MLE infeasible in practical systems. Thus, we propose low-complexity DF
MIMO relay designs with LEs for decoding. With low-complexity LEs, we aim to
achieve joint cooperative and spatial diversity.
When the AF relaying is adopted for the MIMO relay networks, peak-power con-
straints from PAs at the relay should be considered to avoid saturation. Significantly
scaling down the input signal to the PAs is one solution; however, the cost is a re-
duced efficiency of the RF-to-DC power conversion. Therefore, we design simple and
practical peak-power constrained relay for power efficiency. We also find a sufficient
condition to enable joint cooperative and spatial diversity.
1.3 Outline and Notations
The rest of the dissertation is organized as follows:
In Chapter 2, we first present fading channel models widely used in wireless com-
munications. An important parameter, diversity order, which quantifies the error
performance in fading channels is introduced. Diversity combining techniques that
we use in this dissertation are presented. Then, a literature review on relay networks
is presented.
In Chapter 3, we study link-adaptive power-scaling strategies for DF cooperative
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systems and the diversity order enabled by general power profiles without any feed-
back information. We show that the behavior of the power profile near its roots plays
an important role in determining the diversity order at the destination. The necessary
and sufficient conditions for the power-profile design to enable full cooperative diver-
sity 2 are summarized. We also show that the result can be extended to multi-relay
cases.
In Chapter 4, we propose low-complexity DF MIMO relay designs and analyze
the diversity order of each design. We first show that the power-scaling design in
Chapter 3 can be adopted here to enable cooperative diversity at the destination. To
exploit antenna receive diversity, we develop a channel-controlled automatic repeat
request (CC-ARQ) scheme with low-complexity LEs. Also, power-scaling strategy
combined with the CC-ARQ is proposed to achieve joint cooperative and receive
diversity enabled by the network.
In Chapter 5, we present peak-power constrained AF MIMO relay designs and
find sufficient conditions on the relay gain to achieve joint cooperative and receive
diversity at the destination. Based on the conditions, we propose simple and practical
yet diversity enabling relay designs suitable for peak-power limited systems. CC-ARQ
is also applied to AF MIMO relay networks to reduce the decoding complexity.
Finally, in Chapter 6, we summarize the main contributions of this dissertation
and suggest topics for future research.
Let us introduce the following notations that are used throughout this dissertation
unless indicated otherwise:
Upper (lower) bold face letters will be used for matrices (column vectors). Super-
script H denotes Hermitian, ∗ conjugate, and T transpose. The real and imaginary
parts are denoted as ℜ[·] and ℑ[·]. We reserve |a| for the absolute value of scalar a or
cardinality of a if a is a set, ‖a‖ for the 2-norm of vector a. IN and 0N×N denote the
N × N identity matrix and N × N zero matrix, respectively, and diag[a] stands for
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a diagonal matrix with a on its main diagonal. We will denote the (m,n)th element
of a matrix X by Xm,n.






f(x) denotes the probability density function (PDF) of a random variable. We also
reserve E[·] as the expectation. CN (0, σ2) denotes complex Gaussian distribution
with zero mean and variance σ2. The expression x → a+(a−) indicates that x is




In this chapter, a review of diversity-enabled systems in fading channels is presented.
We start with fading channel models and introduce diversity combining techniques
to mitigate the effects of fading. Then, we provide a literature research on relay
networks.
2.1 Diversity-Enabled Systems in Fading Channels
Wireless communication systems inherently suffer from deleterious channel fading
effects. Multipath fading is due to the constructive and destructive combination of
randomly delayed, reflected, scattered, and diffracted signal components. Shadow
fading is due to shadowing from obstacles affecting the wave propagation [79, 82].
Depending on the nature of the radio propagation environment, there are differ-
ent models describing the statistical behavior of the multipath fading envelope. The
Rayleigh distribution is the most widely used distribution to describe the received
envelope [92]. The Rayleigh flat fading channel model assumes that all the compo-
nents that make up the resultant received signal are reflected or scattered and there
is no direct path between the transmitter and the receiver. The PDF of Rayleigh










, 0 ≤ β ≤ ∞, (1)
where σ2 is the average power of the received signal. Let ρ̄ denoted as the average
SNR, then the instantaneous SNR in the Rayleigh fading channel is
ρ = β2ρ̄. (2)
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For random channel variable β2, we will use the Rayleigh fading channel model in
Eq. (1) throughout this dissertation.
In general, the average error probability in a fading channel is a function of the
average SNR ρ̄. For example, for point-to-point communications with additive Gaus-
sian channel noise (AWGN), the instantaneous error probability is expressed as a
function of ρ as
Pe,inst(ρ) = κ1Q (
√
κ2ρ) ,
where κ1 and κ2 are constellation-specific constants [76]. Using Eq. (2) and averaging
Pe,inst(ρ) over the random channel variable β
2, the average error probability is now a
function of the average SNR ρ̄.
To quantify the error performance in fading channels at high SNR, the average
error probability Pe of an uncoded system is usually approximated at high SNR by
Pe ≈ (Gc · ρ̄)−Gd, for ρ̄ → ∞,
where Gd and Gc are referred to as diversity order and coding gain, respectively [65,
109]. Especially, we are interested in diversity order of the average error probability,
which is defined as follows: [22, 108, 121]
Definition 1 (Diversity order) Suppose that Pe is the average error probability






Using the symbol “
.
=” to represent the asymptotic exponential equality, i.e., we use
f(a)
.






, we can rewrite Eq. (3) as Pe
.
=
ρ̄−Gd. Similarly, “≤̇” and “≥̇” are defined.
From this definition, the diversity order Gd determines the negative asymptotic slope
of the average error probability versus the average SNR when plotted in a log-log scale.
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Figure 1: Diversity order and coding gain.
The diversity order is critical in the evaluation of the error performance since the
higher the diversity is, the faster the average error probability decreases at high SNR
regime. It is well known that the diversity order depends on the degrees of freedom
provided by the underlying fading channels. Note, the coding gain Gc measures the
shift in SNR of the curve relative to the benchmark curve of ρ̄−Gd (see Figure 1).
One of the most powerful techniques to mitigate the effects of fading is to use
diversity combining of signals from independently fading paths. Diversity combining
consists of receiving same information over two or more fading channels and com-
bining these multiple replicas at the receiver to increase the overall received SNR.
Diversity combining uses the fact that independent signal paths have a low probabil-
ity of experiencing deep fades simultaneously (see Figure 2).














Figure 2: Two independent signal paths.
• Space diversity uses multiple receiver antennas, which is also called an antenna
array, where the elements of the array are separated in distance. With receiver
space diversity, independent fading paths are realized without an increase in
transmit signal power or bandwidth.
• Frequency diversity uses multiple frequency channels which are separated by
at least the coherence bandwidth of the channel, e.g., frequency hopping or
multicarrier systems.
• Time diversity uses multiple time slots which are separated by at least the
coherence time of the channel, e.g., coded systems.
• Multipath diversity resolves multipath components at different delays, e.g., di-
rect sequence spread-spectrum systems with RAKE reception.
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• Cooperative diversity is created in cooperative relay networks when the desti-
nation receives redundant information from one or more relays in addition to
the one from the source directly.
Multiple received copies of a signal can be combined to collect diversity at the
receiver. The most commonly used diversity combining techniques are listed below
[12, 87]:
• Switched combining - The receiver stays with one of its received copies until
its channel gain falls below a threshold, at which time it switches to the next
signal.
• Selection combining - The receiver selects the best available signal at any in-
stant. This performs better than switched combining, but it needs to estimate
all channel gains simultaneously.
• Equal gain combining (EGC) - The receiver is a simple summation of received
signals after the phases of all signals are adjusted so that the contributions add
constructively.
• Maximum ratio combining (MRC) - The phases are adjusted as in EGC, but






where hi is a channel gain for i
th signal ri.
MRC is the optimal combining scheme regardless of fading statistics, and we use
MRC in Chapters 3 and 4 for collecting cooperative diversity.
11
Figure 3: MIMO channel.
2.2 MIMO Systems
MIMO systems are widely adopted in modern wireless communication standards
such as IEEE 802.11n (Wi-Fi), Worldwide Interoperability for Microwave Access
(WiMAX), HSPA+ and 3GPP LTE/LTE-Advanced. Diversity gains can be achieved
by utilizing multiple paths (see Figure 3) enabled by multiple antennas at the trans-
mitter and receiver.
For MIMO systems, spatial multiplexing is often employed, e.g., Vertical-Bell
Laboratories Layered Space Time (V-BLAST) transmissions [40, 46], where multiple
data streams are transmitted across different spatial domains. Consider MIMO block
transmissions [65, 96]
y = Hs+w,
where H is the M ×N complex Gaussian channel matrix with zero mean, the N × 1
vector s consists of the information symbols, y is the M × 1 received vector, and w
is independent and identically distributed (i.i.d.) complex AWGN. The system has
N transmit-antennas and M receive-antennas. For V-BLAST transmissions, a data
stream is divided into N sub-streams and transmitted through N antennas.
When MIMO i.i.d. channel is used, different diversity order is achieved at the
receiver depending on the equalizer used for detection [66].
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The optimal detector is the maximum-likelihood equalizer (MLE), which is based
on an exhaustive search among all N × 1 symbol vectors as
ŝ = arg min
s∈SN
‖y −Hs̃‖2 , (4)
where S is the finite alphabet of the symbols. MLE in Eq. (4) provides the optimal
error performance with diversity order of M at the receiver. However, the price paid
is in high decoding complexity (O(|S|N)).
On the other hand, linear equalizers (LEs) are characterized as low-complexity
equalizers. Zero-forcing equalizer (ZFE) is often adopted LEs and it is given as
x = H†y = s+H†w,
followed by the quantization step Q that maps each entry to the nearest symbol in the
alphabet S. H† = (HHH)−1HH denotes the Moore-Penrose pseudo-inverse of the
channel matrix H . The complexity is dominated by matrix inversion, which requires
polynomial complexity O(N3) via Gaussian elimination. However, LEs have inferior
performance relative to MLEs due to loss of diversity and collect only diversity order
of M −N + 1 [66].
2.3 Relay Networks
Relay transmission is one of the fastest growing areas of research in wireless networks
[74]. To enable effective distribution and collection of signals to and from mobile users,
low-power nodes such as picos, femtos, and relays can be deployed to provide cell-
splitting gains and to increase the network capacity [28]. Unlike picos and femtos,
relays do not require a wired backhaul connection, and thus can be deployed in a
cost-effective manner [114].
Relaying is considered as a tool to improve the coverage of high data rates, the
cell-edge throughput and/or to provide coverage in new area in cellular systems.
Relay technologies have been actively studied and considered in the standardization
13
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Figure 4: Two types of relay.
process of recent mobile broadband communication systems, such as 3GPP LTE-
Advanced [3] and IEEE 802.16j [53]. Two types of relay types have been defined
in 3GPP LTE-Advanced (Type-I and Type-II) and IEEE 802.16j (non-transparency
and transparency). Specifically, the main objective of a Type-I (or non-transparency)
relay is to extend signal and service coverage, as shown in Figure 4. A mobile user
which is located far away from a base station (BS), and thus does not have a direct
link with the BS, can access the BS through this type of relays. Type-I relays mainly
perform IP packet forwarding in the network layer and need to transmit the common
reference signal and the control information for the BS.
On the other hand, the main objective of a Type-II (or transparency) relay is
to increase the overall system capacity for a mobile user which is located within the
coverage of a BS and has a direct communication link with the BS. This type of
relays can improve the service quality and link capacity by achieving multipath (or
cooperative) diversity and transmission gains through the cooperation with the BS
and other relays. So a Type-II relay does not transmit the common reference signal
or the control information.
A three-node network, which consists of a source node, a relay node, and a desti-
nation node (see e.g., [26, 102]), is a fundamental unit in cooperative communications.
Note that we consider direct link between the source and the destination. The model
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was originally introduced by Van der Meulen in 1971 [102]. In general, cooperative
relaying systems have a source node broadcasting a message to a destination and a
number of cooperative relays which in turn forward a processed version to the in-
tended destination node. The destination node combines the source signal and the
signals received from the relays. By combining multiple copies, the inherent diversity
of the relay channel, cooperative diversity, is usefully exploited, which was briefly
introduced in the Section 2.1.
Capacity of three-node relay networks has been studied in [26, 43]. Many cooper-
ation strategies have been proposed to exploit the cooperative diversity and enhance
coverage for single-relay systems [59, 62, 83]. Two well-known categories are [59, 62]:
amplify-and-forward (AF) and decode-and-forward (DF) relaying. For the AF strat-
egy, the relay simply amplifies the received signal and forwards it to the destination.
The destination combines received signals from the source and the relay using dif-
ferent techniques to collect the cooperative diversity (see [59, 62, 100]). In most AF
studies [59, 80, 122], two-hop channel state information (CSI), i.e., the instantaneous
CSI of source-relay link, is required for MRC at the destination. In [63], a practical
and simple AF strategy is proposed that achieves full cooperative diversity even in
the absence of two-hop CSI at both the relay and the destination. However, the AF
scheme also amplifies the unwanted noise signal and requires the storage of analog
waveforms at the relay, which necessitates expensive radio frequency (RF) storage
chains [106].
For the DF scheme, the relay node first decodes the received signal and forwards
the re-encoded one to the destination. However, when the relay does not decode
the signal correctly, the error may be propagated to the destination and MRC at
the destination cannot collect the cooperative diversity [7, 59]. Consequently, much
effort has been observed in the literature to improve the performance of the simple
and practical DF scheme. Coded cooperation methods were proposed to improve the
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error performance [52, 91], where the spatial diversity can be exploited by coding
across the source and the relay. The DF-based coding strategies using low-density
parity-check (LDPC) codes [35] and turbo codes [120] for the single-relay system have
been constructed. In these designs, the source and the relay have to be synchronized
well. These techniques rely on the cyclic redundancy check (CRC) at the relay to
prevent the forwarding of the erroneous signal. However, this requires additional
hardware and time to encode and decode CRC codes at the relay node, which is not
desirable for resource-constrained scenarios. Also, they assume that the relay only
forwards correct symbols with CRC, but CRC cannot detect all possible errors. Thus,
cooperative diversity still cannot be achieved for those designs.
Many other research works have considered cooperative relay networks without
CRC codes. For optimal performance, ML decoders at the destination were derived in
[13] and [56]. However, the exponential decoding complexity of ML decoder prohibits
its usage. Suboptimal techniques performed at the destination were then proposed
[19, 84, 106] which require the destination to possess exact knowledge of the instan-
taneous CSI of the source-relay link. Other techniques focus on the enhancements
applied at the relay. Threshold-based relaying strategies were proposed for binary
phase-shift keying (BPSK) modulation [73, 88]. The relay selectively forwards sym-
bols based on the reliability of the received signal and thus mitigates error-propagation
effects. A link-adaptive relay (LAR) scheme was proposed in [108] to enable coop-
erative diversity by scaling the transmission power of the re-encoded signal at the
relay based on the reliability of the source-relay link. This scheme shows a promis-
ing solution to gain diversity while keeping the overhead low (e.g., no feedback, no
two-hop information needed at the destination). However, the designs in [108] (e.g.,
perfect soft limiter) may not be implemented perfectly in hardware due to nonlinear
PAs. In practical systems, power profiles can have different shapes which may result
in different performances. [77] finds the nonlinear mapping of PA that maximizes the
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output signal-to-noise-and-distortion ratio (SNDR). Likewise, general power profiles
for LAR should be further analyzed to consider nonlinear characteristics of PA and
find the power profiles that enable full cooperative diversity at the destination.
Recently, the idea of using multiple antennas in relay networks is receiving sig-
nificant interest because MIMO techniques offer higher spectral efficiency and link
reliability in point-to-point communications [25, 37]. Capacity bounds for various
MIMO relay channels are studied in the literature [14, 39, 86, 104, 105, 112]. Three-
dimensional diversity-multiplexing-delay tradeoff [41] in MIMO automatic repeat re-
quest (ARQ) relay channels, where ARQ retransmission delay can be exploited as a
potential source for diversity [34], is investigated in [57, 93, 113].
Many research works on MIMO relay designs are found in the literature. Linear
signal processing schemes at the fixed MIMO relay(s) for multi-user transmission
have been considered in [16, 36, 117, 118], where CSI is assumed to be known at
the transmitter. The optimization of the relay precoding matrix or joint source-
relay precoding matrices was studied in [69, 71, 95] to maximize the information rate.
Linear transceiver designs based on the minimum mean square error (MMSE) criterion
were proposed in [47, 68, 81, 89, 99]. Antenna selection schemes for MIMO relay were
proposed and analyzed in [8, 20, 33, 42]. However, many of the proposed schemes
neglect direct source-destination link to simplify the analysis. For transmit diversity,
space-time block codes (STBCs) have been applied to MIMO relay networks. Two
main approaches have been studied. The first approach is distributed STBC, where
STBC is employed with a distributed manner in cooperative relays [10, 55, 115].
In the second approach, the STBC is broadcast to the relay and the destination,
and then the relay does amplify-and-forward or uses the same STBC after decoding.
With the second approach, the symbol error probability for AF MIMO relay channel
[5, 90] and the outage probability for DF MIMO relay channel [17] were analyzed
with direct source-destination link and the fixed gain at the relay. However, most
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of MIMO relay techniques cannot achieve full receive diversity or they require high






Wireless cooperative relay networks have caught a lot of attention recently due to their
potential to enhance performance by combating fading effects. Numerous strategies
have been proposed in the literature to enable cooperative diversity [59, 60, 62, 83].
Among them, decode-and-forward protocol has been well adopted because of its low
implementation complexity. The relay node decodes the received signal and forwards
the re-encoded information to the destination. However, decoding errors at the relay
node cause performance degradation, and thus MRC does not collect the cooperative
diversity at the destination [7, 24]. Consequently, much effort has been observed in
the literature to improve the performance of the simple and practical DF strategy.
However, most decode-and-forward based schemes assume that the relay node has
perfect error detection or has feedback information from the destination [35, 52, 64,
91, 120]. In this chapter, we design power profiles at the relay which enable diversity
at the destination without any feedback or coding assumptions at the relay and
source. Furthermore, the diversity orders enabled by any general power profile are
quantified. We then summarize necessary and sufficient conditions on the power
profiles to guarantee full diversity at the destination. The theoretical analysis is
corroborated with numerical simulations.
3.1 System Model of Cooperative Relay Networks
Consider a simple single-relay network which consists of three nodes: source (S), re-
lay (R), and destination (D) (see e.g., [26, 102]), as depicted in Figure 5. The source
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Figure 5: Three-node relay network.
node S broadcasts information symbols to the relay node R and the destination node
D in the first time slot. Upon receiving symbols from the source S, the relay R
decodes the received signal and forwards re-encoded symbols to D in the second time
slot [62]. Suppose that every node is equipped with only one antenna and all chan-
nels are mutually independent and subject to flat fading. With subscripts signifying
the corresponding link, e.g., ysr denotes the signal from S to R, the mathematical
formulation of baseband-equivalent model can be written as
ysr = hsrs+ wsr,




where s is a symbol transmitted by the source S, ŝ is the forwarded symbol by the
relay R, and y denotes the received signal. The fading channel coefficient h is known
at the corresponding receiver side, and w is the additive white Gaussian noise. α is the
power scaling factor (PSF) at R. Here we assume Rayleigh fading for all channels,
i.e., hij ∼ CN (0, σ2ij). Noises are independent and wij ∼ CN (0, N0). The average
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symbol power E[s] is set to 1 and the instantaneous and average SNRs are defined as
ρij := |hij|2ρ̄,









|ysr − hsrs|2 ,







αh∗rdyrd − (|hsd|2 + α|hrd|2)s
∣
∣2 .
With the estimate at the destination and the average SNR definition in (6), we will
use diversity order, defined in Eq. (3), as a performance indicator for cooperative
relay networks (Figure 5). Besides the signal directly transmitted from the source,
the destination obtains another copy of information transmitted from the relay, and
thus, the maximum of cooperative diversity 2 can be obtained for this network setup.





with ρ̄rd being the feedback information and β being a constant. However, the α(β)
design in [108] requires feedback from the destination node and only provides a special
case of the power profile.
In this chapter, we analyze cooperative diversity order enabled by general power
profiles that do not require feedback information and provide sufficient and necessary
conditions for full cooperative diversity.
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3.2 General Link-Adaptive Relay
Given the system model in (5), in this section, we design a general power profile α
at the relay by assuming that α is a nonnegative, continuous function of ρsr
ρ̄
= |hsr|2
in [0,∞). After deriving some upper and lower bounds on the average symbol-error
rate (SER) when the general link-adaptive strategy is applied at the relay, we will
analyze the effect of power profiles on the system performance in terms of diversity
order.
3.2.1 Average SER Bounds
The instantaneous pairwise error probability at the destination node for the general




















=: Pb1 + Pb2. (7)
To analyze the diversity, we introduce upper and lower bounds of E[Pb] in the follow-
ing lemma.
Lemma 1 Given BPSK modulation, the average SER E[Pb] (over all random chan-
nels) can be bounded as































































Proof: The average SER E[Pb] is obtained by taking the expectation of Pb over random
channels hsr, hrd, and hsd. The upper bound of E[Pb] is easily found and simplified
from [108, Eq. (29)] and the first two equations in Appendix B of [108]. The lower
bound of E[Pb] can be obtained as the summation of the lower bounds of E[Pb1] and






















































































For E[Pb2], we find the lower bound by limiting the integral interval to 0 < ρsd < αρrd
for ρsd. Then, using Q(x) >
1
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is applied to arrive at the third inequality. Therefore, E[Pb] is bounded below by
Pl1 + Pl2 or by Pl1 (Pl2) alone.
As shown in Lemma 1, the upper and lower bounds of the average SER are
expressed as the integration with respect to the random SNR ρsr, since the power
profile at the relay is a function of the random SNR ρsr (or |hsr|2 = ρsrρ̄ ). Therefore,
the diversity of the average SER E[Pb] now only depends on the design of the power
profile as a function of |hsr|2.
For general M-ary constellations, the instantaneous pairwise error probability Ps
































where kc is a constellation-specific constant, φ := d̃max/d̃min, d̃min := dmin/2
√
2, and
d̃max := dmax − d̃min with dmin (dmax) denoting the minimum (maximum) Euclidean
distance of the signal constellation. Note that Ps1 represents the situation that the
relay forwards the identical symbols that the source broadcasted, and Ps2 corresponds
to the case that the relay forwards erroneous symbols. Ps2 is upper (lower) bounded by
the worst (best) case, which corresponds to the demodulated symbol at the relay being
the farthest (nearest) point in the constellation. Comparing (7) and (8), the upper
and lower bounds of Ps have the forms identical to Pb within a scale depending on
constants kc and φ. Since diversity order pertains to high SNR behavior, the diversity
order is not affected by such constants, and thus, E[Ps] has the same diversity order
as E[Pb] as shown in [106, 108]. Therefore, claims on the diversity order for BPSK in
this chapter can be extended to any constellations and we have the following corollary.
Corollary 1 For a general link-adaptive relay network setup in (5), the diversity
order at the destination is not affected by the underlying modulation scheme.
3.2.2 General Link-Adaptive Relay Strategy
A general link-adaptive system defines power profile α as a function of |hsr|2 with
certain constraints. Let us make the following descriptions of the behaviors of power
profiles α(|hsr|2) when |hsr|2 → ∞ and |hsr|2 → r, where r is the root of α(|hsr|2) = 0,
i.e., α(r) = 0.





pi for x → 0+,
where pi < pj for i < j and a1 is a positive coefficient.
















k , that means rk is a single point root.
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D3) (Root approaching property) Approaching the left root boundary from left,











ik for x → (r(l)k )−,
























jk for i < j.





1k in D3), are important in determining the diversity order achieved
at the destination. First, it is shown that the smallest exponent of the expansion at
the root characterizes the behavior of a power profile α(|hsr|2) around its root in the
following lemma, and in the next section, we show that the characterized behavior at
each root determines the diversity order.
Lemma 2 Let α(x) =
∑∞
i=1 aix
pi where 0 < pi < pj for i < j. Suppose that i)
α(x) is continuous on [0, δ] with δ > 0; ii) 0 < α(x) < ∞ on (0, δ], and iii) a1 > 0.
Then, α(x) is bounded as c1x
p1 ≤ α(x) ≤ c2xp1 with constants 0 < c1 < c2 < ∞ and
x ∈ [0, δ].













where we have defined β(x) as






Since 0 < α(x) < ∞ on (0, δ] and a1 > 0, 0 < β(x) < ∞ on (0, δ]. Also, we have
β(0) = 1, thus 0 < β(x) < ∞ on [0, δ]. β(x) is also continuous on [0, δ] because α(x)
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Figure 6: Three cases of the behavior around the origin.
is continuous and finite on [0, δ]. Therefore, by extreme value theorem [58], there
exist m > 0 and M such that m ≤ β(x) ≤ M for x ∈ [0, δ]. Since α(x) = a1xp1β(x),
α(x) can be bounded as c1x
p1 ≤ α(x) ≤ c2xp1 for x ∈ [0, δ] where c1 = ma1 > 0 and
c2 = Ma1 > 0.
This lemma states that the behavior of a power series approaching zero is deter-
mined by the polynomial term (xp1) with the lowest exponent. In the literature, this
lowest exponent is also called “the order of smoothness” of α(x) at the origin [109].
Depending on the value of p1, the behavior is divided into three cases: i) p > 1; ii)
p = 1; and p < 1 as shown in Figure 6.
In the next section, this characterization will be used to derive the upper and
lower bounds of SER and diversity order.
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3.3 Performance Analysis
Now, we analyze the diversity performance of the general link-adaptive strategy. Be-
fore presenting the diversity claim in Theorem 1, we define three functions that will
relate these parameters and the diversity order that α(|hsr|2) enables.






0, if x < 0
x, if 0 ≤ x ≤ 1
1
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1, if 0 ≤ x ≤ 1
1
x






0, if x 6= 0
1, if x = 0.
With these three functions, we find the diversity order of the average SER for the
relay system with a power-profile design α(|hsr|2) as follows:
Theorem 1 Consider a relay system in (5) with a general power-profile design α(|hsr|2)
at the relay node. The diversity order of the average SER at the destination is







From Theorem 1, we can see that the diversity order of the general link-adaptive
relay system is determined by the behavior of the power profile α(|hsr|2) at the origin
(p1) and at each positive root approaching from left (p
(l)
1k) and right (p
(r)
1k ), and the
existence of continuous intervals in R defined in D2). To enable the cooperative









k for all k.
Therefore, we obtain the following corollary.
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Corollary 2 Consider a relay system in (5) with a general power profile α(|hsr|2).
If α(|hsr|2) i) satisfies g1(p1) = 1 at the origin; ii) satisfies g2(p(l)1k) = g2(p
(r)
1k ) = 1









k ) = 1, then diversity order of 2 is guaranteed at the destination.
Now, we will prove Theorem 1 by splitting the power-profile design into several
cases. We start the proof by considering the power profile α with α(|hsr|2) > 0 when
|hsr|2 = 0. Although |hsr|2 = 0 has zero probability, the value of α(0) has a great
impact on the diversity at the destination. With Lemma 1, we obtain the following
lemma on the diversity enabled by the group of power profiles which satisfy α(0) > 0.
Lemma 3 Suppose that α(|hsr|2) is a nonnegative, continuous function of |hsr|2 on
the interval [0,∞). If α(0) > 0, which implies p1 ≤ 0 and g1(p1) = 0 from D1), then
the diversity order of the relay systems with the power profile α(|hsr|2) at the relay is
always 1.
Proof: Since α(|hsr|2) is nonnegative and continuous, α(0) > 0 implies that there exist
δ > 0 and C > 0 such that if 0 ≤ |hsr|2 ≤ δ, then α(|hsr|2) > C. We bound E[Pb]
below by Pl2 from Lemma 1 and further bound it below by limiting the integration




























































The last inequality is obtained if ρ̄ is large enough, 1+ 1
ρ̄sr
< k1 and δρ̄ > k2 for some
constants k1 and k2. This derivation shows that the diversity is less than or equal to
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1. To prove that the diversity is exactly 1, we need to show that the diversity is also
lower bounded by 1. In other words, we need to show that
E[Pb] ≤̇ ρ̄−1.




















Note that this inequality is valid for general power-profile designs α(|hsr|2) ≥ 0, which
means the diversity of the system is at least 1. Therefore, we have proved that the
diversity of the system is 1 for power profiles with α(0) > 0.
This lemma shows that α(0) = 0 is a necessary condition for the power profile
α(|hsr|2) at the relay to enable cooperative diversity at the destination node. The
traditional DF strategy can be considered as a special case with the power profile
α = 1 (or any positive constant). According to [7], the DF relay system only collects
diversity 1 at the destination node, which is consistent with the claim in Lemma 3.
Next, we consider α(|hsr|2) with at least one non-zero measure interval on |hsr|2





k as in D2). In short, we call these intervals “zero intervals”. One natural
example is the binary decision case elaborated in [108], i.e., when |hsr| < γth, the
relay simply does not forward the packet, and when |hsr| ≥ γth, the relay forwards the
packet with a constant power, where γth is the threshold value. The following lemma
shows that this approach cannot achieve cooperative diversity at the destination node,
either.
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Lemma 4 If α(|hsr|2) is a nonnegative, continuous function of |hsr|2 on [0,∞), and
α(|hsr|2) has at least one zero interval, i.e., there exists [r(l)k , r
(r)





then this power-profile design only achieves diversity order of 1 at the destination.
Proof: Suppose α(|hsr|2) = 0 for |hsr|2 ∈ [a, b]. We bound E[Pb] below by Pl1 from









































Therefore, the diversity order is less than or equal to 1. Combining with the result
E[Pb] ≤̇ ρ̄−1 in Lemma 3, we prove that the diversity order is 1 when α(|hsr|2) has at
least one zero interval.
The result is not surprising because if α(|hsr|2) has zero intervals, the relay node
will be shut down with non-zero probability. This means that with a certain prob-
ability there is only one path from S to D, and thus, the destination node cannot
exploit the cooperative diversity.
Now, suppose that α(0) = 0 and α(|hsr|2) does not have any zero interval. We
quantify the diversity Gd enabled by the power-profile design α(|hsr|2) at the re-
lay node by upper and lower bounding the diversity at the destination node in the
following lemmas.
Lemma 5 For the power-profile design α(|hsr|2) under D1), D2) and D3) with
α(0) = 0 and no zero interval, we have
E[Pb] ≤̇ ρ̄−Gd,
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where Gd = 1 +min{g1(p1), g2(p(l)1k), g2(p
(r)
1k )}.
The proof is provided in the following subsection.
3.3.1 Proof of Lemma 5




k , according to D1) and D3) in Section
3.2.2 and Lemma 2, α(|hsr|2) is upper and lower bounded around the origin and its
roots, i.e., there exists a constant δ such that
col (|hsr|2)p1 ≤ α(|hsr|2) ≤ cou(|hsr|2)p1 for |hsr|2∈ [0, δ],
ckll (−|hsr|2+rk)p
(l)
1k ≤ α(|hsr|2) ≤ cklu (−|hsr|2+rk)p
(l)
1k for |hsr|2∈ [(rk − δ), rk], (9)
and ckrl (|hsr|2−rk)p
(r)
1k ≤ α(|hsr|2) ≤ ckru (|hsr|2−rk)p
(r)
1k for |hsr|2∈ [rk, (rk + δ)].
As shown in Lemma 1, the upper bound on the average SER Pu1 + Pu2 + Pu3 is
expressed as the integration with respect to ρsr over the interval [0,∞). Therefore,
we partition the whole integration interval [0,∞) as
L0 ∪ (∪Nk=1Lkl) ∪ (∪Nk=1Lkr) ∪ Lc,
where L0 = [0, δρ̄], Lkl = [(rk − δ)ρ̄, rkρ̄], Lkr = [rkρ̄, (rk + δ)ρ̄], and Lc denotes the
union of the rest intervals. Then, the upper bound on the average SER E[Pb] is
expressed as




([Pu1 + Pu2 + Pu3]Lkl + [Pu1 + Pu2 + Pu3]Lkr)
+ [Pu1 + Pu2 + Pu3]Lc , (10)
where [Pu1 + Pu2 + Pu3]L0 denotes that the integration interval of Pu1 + Pu2 + Pu3 in
Lemma 1 is changed to L0. Eq. (10) shows that the upper bound on the average SER
can be found by integrating over different intervals. In the following subsections, we
derive upper bounds for each subinterval, L0, Lkl, Lkr, and Lc to obtain an upper
bound for E[Pb].
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3.3.1.1 The Upper Bound over L0
From Lemma 1, changing the integration interval of Pu1 + Pu2 + Pu3 to L0 = [0, δρ̄]
leads to






































)p1 ≤ α(|hsr|2) ≤ cou(ρsrρ̄ )p1 for ρsr ∈ [0, δρ̄] from (9), Eq. (11) can be
further bounded above as





















































In the following, we derive upper bounds of PL0u1 , P
L0
u2 , and P
L0
u3 , respectively.






























































In the last inequality, PL0u1 was bounded above by extending integral interval to [0,∞).
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t in the first equality, and used










Now we find the upper bound of PL0u1 when 0 < p1 ≤ 1. The integration interval of
t from Eq. (12) is [0, δρ̄
ρ̄sr
]. Since tp1−1 is a decreasing function in this interval, we
have the inequality tp1−1 ≥ ( δρ̄
ρ̄sr























































































exp(−xt)/tndt and the last inequality comes from exE1(x) ≤
ln(1 + 1
x
) for all x > 0 [6, Eq. (5.1.20)]. Thus, considering both cases p1 > 1 and
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, ∀p1 > 0. (13)
For PL0u2 and P
L0






























































tz−1 exp(−t)dt. Therefore, summarizing Eqs. (13)-(15) with the
function g1(·) in Definition 2, we conclude that the upper bound over L0 is
[Pu1 + Pu2 + Pu3]L0 ≤̇ ρ̄−(1+g1(p1)), (16)
since the diversity order is dominated by the term with the lowest absolute exponent.
3.3.1.2 The Upper Bound over Lkl
When ρsr belongs to the left margin intervals at nonzero roots, Lkl’s, we have
ckll (−|hsr|2 + rk)p
(l)




from (9). Plugging this inequality into Eq. (11) and change the integration interval
to Lkl, we obtain





































cklu (−ρsrρ̄ + rk)p
(l)
1k ρ̄rd









Similar to the derivation of the upper bound over L0, we will derive the upper bounds
of PLklu1 , P
Lkl
u2 , and P
Lkl
u3 , respectively.


































Using exp(−x) ≤ 1 for x ≥ 0 and exp(t) ≤ exp(2δρ̄
ρ̄sr
− t) for 0 ≤ t ≤ δρ̄
ρ̄sr


































It can be seen that the upper bound of Eq. (18) can be derived similarly as that of





















































exp [−(rk − δ)ρ̄]
≤̇ ρ̄−2, (21)
where the inequality (rk − δ)ρ̄ ≤ ρsr was used to derive the upper bound for PLklu2 .
Combining Eqs. (19)-(21), with the function g2(·) in Definition 2, we conclude that
the upper bound over Lkl is
[Pu1 + Pu2 + Pu3]Lkl ≤̇ ρ̄−(1+g2(p
(l)
1k )). (22)
3.3.1.3 The Upper Bound over Lkr
When ρsr belongs to Lkl, we have upper and lower bounds of α(|hsr|2) from (9) as
ckrl (|hsr|2 − rk)p
(r)
1k ≤ α(|hsr|2) ≤ ckru (|hsr|2 − rk)p
(r)
1k .
We change the integration interval of the upper bound in Lemma 1 to Lkr and use
above bounds to obtain




























































In the following, we will derive the upper bounds of PLklu1 , P
Lkl
u2 , and P
Lkl
u3 , respectively.











































































where the upper bound Eq. (24) can be obtained by following the similar procedure
of bounding Eq. (12) above to get Eq. (13). For PLkru2 and P
Lkr












































where the inequality rkρ̄ ≤ ρsr was used to derive the upper bound for PLkru2 . Com-
bining Eqs. (23)-(26), we conclude that
[Pu1 + Pu2 + Pu3]Lkr ≤̇ ρ̄−(1+g2(p
(r)
1k )). (27)
3.3.1.4 The Upper Bound over Lc
Since there are N + 1 roots including the origin, Lc consists of N bounded intervals
and one unbounded interval. For kth bounded interval Lck = [(rk−1 + δ)ρ̄, (rk − δ)ρ̄],
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α(|hsr|2) has a lower bound C ′ and we have


















































exp [−(rk−1 + δ)ρ̄]
.
= ρ̄−2.
For the unbounded interval Lc(N+1) = [(rN + δ)ρ̄,∞), if α(|hsr|2) has a lower bound,
similar procedures can be applied to obtain the same result as above. If α(|hsr|2) does
not have a lower bound and strictly decreasing, i.e., α(|hsr|2) = (1/|hsr|2)d for d > 0,






































Thus, we obtain that
[Pu1 + Pu2 + Pu3]Lc =
N+1∑
k=1
[Pu1 + Pu2 + Pu3]Lck ≤̇ ρ̄−2. (28)
Combining Eqs. (10), (16), (22), (27), and (28), we have shown that
E[Pb] ≤̇ ρ̄−Gd,
where




Next, we provide upper bound of the diversity and its proof in the following when
α(0) = 0 and it has no zero interval.
Lemma 6 For the power-profile design α(|hsr|2) under D1), D2) and D3) with
α(0) = 0 and no zero interval, we have
E[Pb] ≥̇ ρ̄−Gd,
where Gd = 1 +min{g1(p1), g2(p(l)1k), g2(p
(r)
1k )}.
3.3.2 Proof of Lemma 6
As shown in Lemma 1, the lower bound Pl1+Pl2 is expressed as the integration with
respect to ρsr over [0,∞). Similarly, we partition the integration interval [0,∞) as
L0 ∪ (∪Nk=1Lkl) ∪ (∪Nk=1Lkr) ∪ Lc
as in Lemma 5. Therefore, the lower bound of E[Pb] is expressed as
E[Pb] ≥ [Pl1 + Pl2]L0 +
N∑
k=1
([Pl1 + Pl2]Lkl + [Pl1 + Pl2]Lkr) , (29)
where we have ignored the interval Lc. In the following subsections, we find the lower
bound of E[Pb] for each subinterval, L0, Lkl, and Lkr.
3.3.2.1 The Lower Bound over L0
If ρsr ∈ [0, δρ̄], we have
col (|hsr|2)p1 ≤ α(|hsr|2) ≤ cou(|hsr|2)p1
from (9). Therefore, by plugging this inequality into Lemma 1, the lower bound over
L0 can be further relaxed as
































exp(−ρsr − ρsrρ̄sr )√
ρsr + 2
dρsr




To further simplify the lower bound [Pl1 + Pl2]L0, we will analyze based on the value
of p1 as we did for P
L0
u1 in Lemma 5. If 0 < p1 ≤ 1, the lower bound over L0 is relaxed
as























































where we have assumed δρ̄ > 1 when ρ̄ is large enough to obtain the second inequality.
For the last inequality, ρsr ≤ ρp1sr ≤ 1 for 0 ≤ ρsr ≤ 1 and 0 < p1 ≤ 1 was used. On
the other hand, if p1 > 1, the lower bound is relaxed as





































































































where the second inequality is obtained by assuming δ(couρ̄rd)
1
p1 > 1 when ρ̄ is large
enough. Therefore, based on Eqs. (30) and (31), the lower bound over L0 is relaxed
as
[Pl1 + Pl2]L0 ≥̇ ρ̄−(1+g1(p1)). (32)
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3.3.2.2 The Lower Bound over Lkl’s
When ρsr belongs to Lkl, we have upper and lower bounds of α(|hsr|2) as
ckll (−|hsr|2 + rk)p
(l)
1k ≤ α(|hsr|2) ≤ cklu (−|hsr|2 + rk)p
(l)
1k
from (9). Plugging it into the expression of Pl1 in Lemma 1 and changing the inte-
gration interval to Lkl yield the lower bound as














=: PLkll1 . (33)
Since exp(−t) ≤ exp(t) for 0 ≤ t ≤ δρ̄
ρ̄sr















































t and follow the same procedures

























































since the lower bound in the first line of (35) and PL0l1 in (31) have the same form
except for a constant term. Thus, combining Eqs. (33) and (35), the lower bound
over Lkl is relaxed as










3.3.2.3 The Lower Bound over Lkr’s
From (9), α(|hsr|2) is upper and lower bounded as
ckrl (|hsr|2 − rk)p
(r)
1k ≤ α(|hsr|2) ≤ ckru (|hsr|2 − rk)p
(r)
1k ,
when ρsr belongs to Lkr. Plugging it into the expression of Pl1 in Lemma 1 and
changing the integration interval to Lkr yield the lower bound as follows:

















=: PLkrl1 . (37)







































Since Eq. (38) and Eq. (34) have the same form, we follow the similar procedure as










Combining Eq. (37) and Eq. (39), we conclude









Finally, from Eqs. (29), (32), (36) and (40), we further bound E[Pb] below by a
term with the lowest absolute exponent and conclude that
E[Pb] ≥̇ ρ̄−Gd ,








}. Since the maximum of g1(p1) is 1, this is
equivalent to




With the upper and lower bounds on the average SER as given in Lemmas 5 and
6, we have shown that the behavior of α(|hsr|2) approaching each root determines the
diversity at the destination node. Summarizing the above lemmas, it is easy to prove
Theorem 1.
It is interesting to note that the result in Theorem 1 bears some similarities
with that in [109] which shows that the diversity gain provided by fading channels
depends on the PDF of the channel around the origin. Our result confirms that the
behavior of power profile at the origin also plays an important role in determining the
diversity gains in DF relay systems. The difference between our result and the one
in [109] is two-fold: (i) [109] finds the relationship in point-to-point communications
with inherent channel statistics, but the diversity for our design depends on two-hop
channel information which is more general than the one in [109]; and (ii) the relay
power-profile design depends on the channel state information of the first hop, but it
will affect the diversity at the next hop. In summary, applying [109] directly cannot
solve the technical problem we are facing here.
3.3.3 Necessary and Sufficient Conditions for Cooperative Diversity
Previously, we have analyzed the average SER performance of the general link-
adaptive strategy and the diversity order at the destination is presented in Theorem
1. Based on our analysis, we summarize the necessary and sufficient conditions on
α(|hsr|2) under D1), D2) and D3) to enable cooperative diversity 2 for the single
relay system in the following:
NSC1) α(|hsr|2 = 0) = 0.
NSC2) The set {x : α(x) = 0} is measure zero, i.e., no zero interval, so that g3(r(r)k −
r
(l)
k ) = 1.
NSC3) The behavior of α(|hsr|2) approaching the origin point is linear (p1 = 1) so
that g1(p1) = 1.
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NSC4) If α(|hsr|2) = 0 has roots other than the origin, the behavior of α(|hsr|2) near
those roots must satisfy p
(l)
1k ≤ 1 and p
(r)
1k ≤ 1 so that g2(p
(l)
1k) = 1 and g2(p
(r)
1k ) = 1.
As shown in Lemmas 3 and 4, if α(|hsr|2) fails to satisfy NSC1) or NSC2), we
can only achieve the diversity order of 1. According to Theorem 1, if either NSC3)
or NSC4) is violated, the diversity order is real number between 1 and 2, depending
on the behavior of α(|hsr|2) near the roots of α(|hsr|2) = 0.
3.4 Simulation Results
Power profiles can be designed to satisfy the conditions NSC1)∼NSC4), such as the
ideal soft-limiter design in [108], to enable full cooperative diversity. However, they
may not be implemented perfectly in practice because of the non-idealness of real
systems (e.g. nonlinear power amplifier). In this section, we present some numerical
examples to verify the diversity order for a general shape of the power profile. Ac-
cording to Theorem 1, the factors that determine the diversity order are α(0), the
existence of zero interval, and the behavior of α near each root. From each test case,
we will see how they affect the diversity order.
We plot the average SER curves versus ρ̄ by assigning (ρ̄sr, ρ̄rd, ρ̄sd) = (ρ̄, ρ̄, ρ̄).
BPSK modulation is adopted through this section unless otherwise mentioned. For
the fair comparisons among different power-profile designs, we normalize the average
scaling power to E[α] = 1.
Test case 3.1 (The effects of α(0), tail and zero intervals): Four different power-
profile designs are considered in this test case (see in Figure 7). The corresponding
SER performance at the destination is plotted in Figure 8. The well-known AF and
DF strategies are also plotted as benchmarks. Diversity order of 2 is obtained for
αAa and αAc in [108], as expected. The tail of αAc has a function (1/|hsr|2)5 which
is strictly decreasing. For the power profile αAb and the DF strategy (or equivalently








































Figure 7: Power profiles αAa, αAb, αAc, and αAd.





























Figure 8: SER performance of αAa, αAb, αAc, and αAd.
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Table 1: Diversity order of αBa, αBb, αBc, and αBd.
Diversity order Gd
p1 g1(p1) = 1 + g1(p1)
αBa 4 0.25 1.25
αBb 2 0.5 1.5
αBc 0.5 0.5 1.5
αBd 0.25 0.25 1.25
because both of them satisfy α(0) > 0, i.e., p1 ≤ 0. For αAd which has one zero
interval, the relay system only achieves diversity order of 1 according to Lemma 4.
Test case 3.2 (The effect of the behavior of α at the origin - p1): To verify
the effect of the behavior of α at the origin, we design four power profiles in Figure
9 with the origin point as the only root of α(|hsr|2) = 0 but different behaviors
at the origin. Before being clipped to a constant, the power profile is selected as
α(|hsr|2) = (|hsr|2)p1. The parameter p1 of αBa, αBb, αBc, and αBd is 4, 2, 0.5, and
0.25, respectively. The average SER performance of these designs is depicted in Figure
10. Both αBb and αBc have the same diversity order of 1 + g1(2) = 1 + g1(0.5) = 1.5,
while αBa and αBd enable diversity order of 1 + g1(4) = 1 + g1(0.25) = 1.25, which
verifies Theorem 1. The parameter p1 and the diversity order for each power profile
are summarized in Table 1. It is shown that only when the expansion of α at the
origin has lowest exponent p1 = 1, is the full cooperative diversity possible. If p keeps
increasing and approaches infinity, the power profile will become a step function which
causes diversity loss as shown in [108]. On the other hand, if p keeps decreasing and
approaches zero, the power profile becomes 1 as in the DF strategy which also loses
diversity. This is well explained by Theorem 1 since Gd = 1 + g1(p) approaches 1 as
p → 0 or p → ∞.













































Figure 9: Power profiles αBa, αBb, αBc, and αBd.





























Figure 10: SER performance of αBa, αBb, αBc, and αBd.
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11 ) = 1+min{g1(p1), g2(p(l)11), g2(p(r)11 )}
αCa 1 8 8 1 1/8 1/8 9/8
αCb 1 8 0.5 1 1/8 1 9/8
αCc 1 0.5 0.5 1 1 1 2
αCd 2 0.5 0.5 0.5 1 1 1.5
αCe 0.5 0.5 0.5 0.5 1 1 1.5
αCf 2 8 8 0.5 1/8 1/8 9/8
verify our Theorem 1. Six different power profiles are depicted in Figure 11, which
can be described as (|hsr|2)p1 for |hsr|2 ∈ [0, 1], (−|hsr|2 + 2)p
(l)
11 for |hsr|2 ∈ [1, 2], and
(|hsr|2−2)p
(r)
11 for |hsr|2 ∈ [2, 3]. The SER curves corresponding to triplets (p1, p(l)11 , p(r)11 )
are presented in Figure 12. To see the effect of the behavior at the positive root on the
diversity order, we compare the SER of αCa, αCb, and αCc in Figure 12, all of which




11 is greater than 1 as in αCa and αCb,




11 ) < 1,
which leads to Gd < 2 according to Theorem 1. Both αCa and αCb achieve diversity




11 are less than 1 as in




11 ) = 1, and thus, Gd = 2. For αCc, αCd, and αCe, their




11 = 0.5) but different at the origin.
Depending on the behavior at the origin, αCc, αCd, and αCe enable diversity order
of 2, 1.5, and 1.5, respectively, since g1(1) = 1 and g1(2) = g1(0.5) = 0.5. αCf is an
example where the power profile behaviors at both the origin and the positive root
prevent the destination from achieving full cooperative diversity. The behavior at the
positive root dominates the diversity performance of αCf since g2(p
(l)
11)(= 1/8) is less

































































Figure 11: Power profiles αCa, αCb, αCc, αCd, αCe, and αCf .
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Figure 12: SER performance of αCa, αCb, αCc, αCd, αCe, and αCf .
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11 ) = 1+min{g1(p1), g2(p(l)11), g2(p(r)11 )}
αDa 2/3 · · 2/3 · · 5/3





11 in αCa are increased to infinity, the power profile near the positive
root becomes a zero interval in [1, 3] which causes diversity loss. According to The-









11 are decreasing to 0, the power profile approaches that of αAa in
Figure 7 which achieves diversity order of 2. This is also verified by Theorem 1, from
which we find Gd = 2 if p1 = 1, 0 ≤ p(l)11 ≤ 1, and 0 ≤ p(r)11 ≤ 1.
Test case 3.4 (The effect of general power profiles): Now we turn to the
case when the behavior of α approaching its roots can be represented as the sum-
mation of multiple polynomial terms. We design αDa and αDb in Figure 13 to be
(|hsr|2)2/3 exp(|hsr|2) for |hsr|2 ∈ [0, 1], but αDb has an additional root at |hsr|2 = 2
and αDb is designed as (|hsr|2 − 2)8 exp(||hsr|2 − 2|) for |hsr|2 ∈ [1, 3]. According to





11 will also affect the diversity performance. Since the Taylor expansion of











11 ) for αDb is (2/3, 8, 8). Thus,
according to Theorem 1, diversity orders enabled by αDa and αDb are 1+g1(2/3) = 5/3
and 1 + min{g1(2/3), g2(8), g2(8)} = 9/8, respectively. The parameters p1, p(l)11 and
p
(r)
11 and the diversity order for αDa and αDb are summarized in Table 3. The result
is corroborated by the simulation in Figure 14.
Test case 3.5 (Higher-order constellations): It was explained in (8) that our
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Figure 13: Power profiles αDa and αDb.

























Figure 14: SER performance of αDa and αDb with BPSK modulation.
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Figure 15: SER performance of αDa and αDb with 64-QAM.
diversity order analysis applies to any constellation size. To verify the diversity claim
for higher-order constellations, the SER performance of αDa and αDb in Figure 13 is
plotted in Figure 15 for 64-QAM modulation. Comparing Figure 14 and Figure 15,
we find that BPSK and 64-QAM have the same diversity order, validating Theorem
1 for general constellations.
Test case 3.6 (Power profile coefficients from an actual class AB power
amplifier): To validate our theoretical results, we shall also consider a power profile
of third-order nonlinearity αclassAB = a1(|hsr|2)+a3(|hsr|2)3 with nonlinear coefficients
a1 = 1.0144 and a3 = 0.181 extracted from an actual class AB power amplifier [32].
The power profile αclassAB and the SER performance with αclassAB are shown in Figure
16 and 17, respectively. Since the order of smoothness of αclassAB at the origin is 1,
cooperative diversity 2 is achieved according to Theorem 1. Figure 17 verifies this.
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Figure 16: A power profile with coefficients from an actual class AB PA.























Figure 17: SER with power profile coefficients from an actual class AB PA.
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Table 4: Diversity order for multi-relay transmissions.
Diversity order Gd,NR
p1 g1(p1) NR = 1 +NRg1(p1)
1 1.5
αBb 0.5 0.5 2 2
3 2.5
1 2
αAa 1 1 2 3
3 4
Test case 3.7 (Multi-relay transmissions): In this example, we show that the
general link-adaptive relay strategy is applicable to multi-relay transmissions, where
NR relay nodes operate in parallel over orthogonal channels. The number of arriving
paths to D is 1 +NR including one direct link. In Theorem 1, the diversity order Gd














k )}” comes from S − R −D path. Thus, the diversity order can be generalized to






k )} for multi-relay transmis-
sions. Figure 18 tests generalizations and validates the diversity claims for multiple
relay nodes. We assume every relay node adopts the same power profile. Two schemes,
αBb from Figure 9 and αAa from Figure 7, are tested. By inspecting the slope of the
average SER curves, we can verify that in each scheme, diversity order of Gd,NR is
achieved. The results are summarized in Table 4.
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Figure 18: SER performance comparison for multiple relay nodes.
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3.5 Conclusions
In this chapter, we have investigated the diversity order enabled by general power
profiles at the relay for DF cooperative systems without any feedback information.
We have shown that the behavior of the power profile near its roots plays an important
role in determining the diversity order at the destination. In general, the diversity
order for a single-relay system is a real number between 1 and 2. The necessary and
sufficient conditions for the power-profile design to enable full cooperative diversity 2
have been summarized. Theoretical claims have been verified by simulations.
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CHAPTER IV
JOINT DIVERSITY IN DECODE-AND-FORWARD MIMO
RELAY NETWORKS WITH LOW-COMPLEXITY
EQUALIZERS
Recently, MIMO techniques have been applied to relay networks to provide higher
rate and reliability and are receiving significant interest [5, 14, 16, 23, 17, 20, 37, 55,
90, 95, 105, 113, 117, 118]. However, most of MIMO relay techniques require high-
complexity equalizers, such as maximum-likelihood equalizers (MLEs) or near-MLEs,
and also error free forwarding at the relay to collect spatial diversity, which is imprac-
tical and thus may not be suitable for low-complexity communication environments.
In this chapter, we propose high-rate and low-complexity DF MIMO relay designs
that achieve cooperative diversity, receive diversity or joint diversity. The main con-
tributions of this chapter are: (i) Design of a power scaling matrix at the relay so that
cooperative diversity can be achieved at the destination; (ii) Combining zero-forcing
equalizers (ZFEs) with a novel channel-controlled ARQ (CC-ARQ) technique so that
the receive-antenna diversity can be collected at the destination even with ZFEs; (iii)
Development of a low-complexity relay strategy to achieve joint diversity without any
feedback or CRC. We prove these claims mathematically and verify them numerically
with simulations.
4.1 System Model of DF MIMO Relay Networks
As shown in Figure 19, we consider a simple single-relay network which consists of
three nodes: source (S), relay (R), and destination (D). Without loss of generality,











1 Time Slot 2
Figure 19: Block diagram of a MIMO relay network.
to be flat, quasi-static and mutually independent. We assume half duplex relaying
and divide one transmission period into two time slots. In the first time slot, the
source node S transmits the N × 1 information symbol vector s to the relay node R
and the destination node D. In the second time slot, the relay node R helps transmit
the information of the source node S by decoding the received signal and forwarding
re-encoded symbols to the destination node D. Note that here we fully take multiple
antennas for spatial multiplexity.
With subscripts signifying the corresponding link, e.g., sr denotes the link from S
to R, the mathematical formulation of the baseband equivalent model can be written
as
ysr = Hsrs+wsr,




where y is the N × 1 received signal, ŝr is the N × 1 information vector transmitted
by the relay node. Diagonal matrix A = diag[α1, α2, · · · , αN ] is the power scaling
factor (PSF) matrix at the relay node. Matrix H ij is the N × N random channel
with all entries being i.i.d. complex Gaussian variables with zero mean and variance
σ2ij for i-j link. We assume all channel matrices are estimated and known at the
corresponding receiver side. The N × 1 noise vector w is i.i.d. complex Gaussian
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distributed with zero mean and variance N0, i.e., E[ww
H] = N0IN . The average
power of each transmitted symbol si and ŝr,i is 1. Therefore, the average SNR at each
hop is defined as ρ̄ = 1/N0.
In this chapter, we use diversity order, defined in Eq. (3), as a performance
indicator. It is well known that the diversity order depends on the degrees of freedom
provided by the underlying fading channels. Note that for the three-node MIMO relay
network setup in (41), there are two types of diversity: the cooperative diversity 2
due to the multi-access to destination and the receive diversity N introduced by the
multi-antenna at each node. For simplicity, here we do not consider transmit diversity.
Accordingly, the appropriate design will collect a diversity order of 2N .
In this chapter, we focus on DF MIMO relay networks, where ŝr in (41) is taken
as the estimate of s at the relay. The MLE is often used as the optimal estimation
method, which considers multiple spatial streams as a whole. However, the complexity
of MLE is very high, which increases exponentially with the number of antennas [103].
To reduce the decoding complexity, some near-MLEs have been proposed, e.g., sphere
decoding (SD) method [49]. However, it has been shown that MLE and near-MLEs
suffer from high complexity and thus not efficient for hardware implementation [119].
In practice, ZFEs are favored for their low decoding complexity. Here, we adopt ZFE





srwsr = s+ nsr,
ŝr,i = Q (xsr,i) = Q (si + nsr,i) , (42)
where H† = (HHH)−1HH denotes the Moore-Penrose pseudo-inverse of the channel





. The quantization step Q maps each
entry to the nearest symbol in the alphabet S. Then, in the second time slot, the
relay forwards the scaled version of ŝr, A
1
2 ŝr, to the destination. Upon receiving two
signals ysd and yrd from the source and the relay, the destination applies ZFE to each
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wrd = ŝr +A
− 1
2nrd. (43)
Now, each MIMO channel is converted into multiple parallel single-input single-output
(SISO) channels. Each SISO channel associated with the ith symbol can be written
as
xsd,i = si + nsd,i,















destination has two estimates for the ith symbol, it combines these equalized signals
and estimates the signal as
ŝd,i = argmin
s∈S












is defined as the instantaneous SNR of the ith symbol for the corresponding link.
In DF MIMO relay networks, where the relay forwards the estimate of the infor-
mation symbols, the PSF αi is set to a constant (say 1), i.e., decoded symbols at the
relay are not scaled in power. Furthermore, with this constant PSF αi, ZFE in Eq.
(43), and combining detector in Eq. (45), the destination cannot collect either coop-
erative diversity or receive diversity. The cooperative diversity is lost because of the
inherent decoding error propagations from the relay in DF strategy [108]. The loss
of receive diversity comes from the use of simple ZFE at both relay and destination,
which provides inferior performance compared to MLE.
61
In this chapter, we propose diversity-enabling DF strategies for MIMO relay net-
works to collect cooperative diversity, receive diversity, or joint cooperative and receive
diversity while keeping the decoding complexity low by employing ZFEs at the relay
and the destination.
4.2 Power-Scaling MIMO Relay
In this section, we develop an MIMO relay design that achieves cooperative diversity.
It is well known in the literature [22, 108] that cooperative diversity can be collected
for single-antenna DF relay networks if the PSF at the relay is designed appropriately
and MRC is adopted at the destination. Since MIMO channel is converted into
multiple parallel SISO channels with the use of ZFE as we have seen in Eq. (44), we
apply the idea of PSF to DF MIMO relay networks and propose to design a diagonal












where ξ is a positive constant. PSF is limited to ξ because practical power amplifiers
are always peak-power constrained. Then, λ normalizes the average power to make








to represent the “quality” of the S − R link for
the ith symbol and thus the reliability of the estimate s at the relay. Note that
for single-antenna case, i.e., when N = 1, the PSF design in Eq. (47) becomes
αi = λmin (|hsr|2, ξ) which satisfies necessary and sufficient conditions in Section
3.3.3 for single-antenna relay networks. Intuitively, when the channel between the
source and the relay is weak, the relay scales down the transmission power by a
factor proportional to the channel quality in Eq. (47), and thus mitigates the effect
of possible decoding errors at the relay. On the other hand, when the channel between
the source and the relay is strong, most likely the estimated symbol ŝr is correct, and
the relay just forwards the symbol with a constant power.
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With the PSF design in Eq. (47), the destination combines two estimates and
detects the original signal s as described in Eq. (45). Note here, the destination
applies ZFE by assuming the forwarded signal ŝr from the relay is the same as the
original signal s from the source. We summarize the power-scaling MIMO relay design
as follows.
Design 1 (Power-Scaling MIMO Relay) Given the DF MIMO relay network sys-
tem model in (41), the relay decodes s from the source using ZFE in Eq. (42) and
forwards the estimate ŝr after scaling it with PSF in Eq. (47). The destination applies
ZFE onto received signals ysd and yrd as in Eq. (43) and then applies the detector
on each element as in Eq. (45).
In the next subsection, we will analyze the diversity performance of Design 1 pre-
sented above to show that power-scaling MIMO relay achieves cooperative diversity
of 2 for each ith transmitted symbol of s.
4.2.1 Performance Analysis
First, we assess the performance of the design when BPSK is employed, and then the
result will be extended to higher-order constellations later.
We give the expression for the instantaneous pairwise error probability of the ith
transmitted symbol si in the following lemma.
Lemma 7 Given BPSK modulation and the set of three channel matrices H =
{Hsr,Hsd,Hrd} for DF MIMO relay networks (41) with ZFEs in Eq. (43) and com-
bination in Eq. (45) at the destination, the instantaneous pairwise error probability





















where ρsr,i, ρrd,i, and ρsd,i are defined in Eq. (46).
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Proof: Suppose that si is transmitted for the i
th symbol from the source, and at the
destination, it is erroneously detected as s̃ = −si. Given the set of three channel
matrices H = {Hsr,Hsd,Hrd}, the instantaneous pairwise error probability can be
expressed as
Pe,i|H = P (ŝr,i = si|H)P (si → s̃i|ŝr,i = si,H)
+ P (ŝr,i = −si|H)P (si → s̃i|ŝr,i = −si,H). (49)
A MIMO channel for the S − R link is decomposed into N SISO channels after
applying ZFE as in Eq. (42) and we get









First, we find the conditional error probability at the destination when the relay
estimates si correctly. From Eqs. (44) and (45), we have
P (si→ s̃i|ŝr,i=si,H) =P (|ρsd,ixsd,i + αiρrd,ixrd,i − (ρsd,i + αiρrd,i) (−si)|2 <
|ρsd,ixsd,i + αiρrd,ixrd,i − (ρsd,i + αiρrd,i) si|2 |ŝr,i = si,H)






−(ρsd,i + αiρrd,i) (−si)|2






−(ρsd,i + αiρrd,i) si|2|H)
=P (|ρsd,insd,i +
√









αiρrd,inrd,i)] is a real Gaussian random variable with zero mean
and variance σ2v = (ρsd,i + αiρrd,i)/2,




















Now, we consider P (si → s̃i|ŝr,i = −si,H) in Eq. (49), which is the conditional
error probability at the destination when the estimate at the relay is ŝr,i = −si. We
derive this term similarly as in Eq. (51) and Eq. (52),
P (si → s̃i|ŝr,i = −si,H) = P (|ρsd,insd,i +
√
αiρrd,inrd,i + 2ρsd,isi|2 <
|ρsd,insd,i +
√
αiρrd,inrd,i − 2αiρrd,isi|2 | H)
= P
(

















































The average SER of the ith symbol Pe,i can be obtained by averaging Pe,i|H with
respect to random channel matrices. Then, diversity order can be obtained from Pe,i
using Definition 1.
Based on the instantaneous pairwise error probability provided in Lemma 7, the
diversity order achieved by the power-scaling MIMO relay design is proved in Propo-
sition 1.
Proposition 1 Given the DF MIMO relay network system model in (41), the power-
scaling MIMO relay scheme proposed in Design 1 achieves cooperative diversity 2 at
the destination, i.e., Gd = 2.
Proof: From Eq. (48) in Lemma 7, the instantaneous pairwise error probability of
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Thanks to ZFE at the destination, for each symbol, the instantaneous pairwise error





















where Pb is the instantaneous pairwise error probability at the destination for single-
antenna relay networks.
To make the diversity claim for the power-scaling MIMO relay design, we will first
show that ρsr,i and ρsr have the same distribution, where ρsr = |hsr|2ρ̄ from Eq. (6).
When hsr is complex Gaussian distributed with zero mean and unit variance, ρsr is a
chi-squared random variable with degree 2.







squared random variable with 2(Nr − Nt + 1) degrees of freedom when H is the
Nr×Nt random channel with all the entries i.i.d. complex Gaussian distributed with








from Eq. (46), and
Hsr is N × N complex Gaussian channel matrices, we know that ρsr,i is also a chi-
squared random variable with degree 2. Thus, ρsr,i and ρsr have the same distribution.
Same results can be obtained for ρrd,i and ρsd,i.
Now, given ρsr,i and ρsr have the same distribution, αi can be designed so that
E[Pe,i|H] and E[Pb] have the same diversity order. For single-antenna relay networks,
it is shown in Section 3.3.3 that E[Pb] achieves cooperative diversity 2 if PSF α
































then Pe,i = E[Pe,i|H] also has a diversity order of 2.
We have proved that cooperative diversity 2 is achieved by power-scaling MIMO
relay design. Note that, as discussed in [22, 108], the diversity order of the average
SER is not affected by the underlying modulation constellations. General constella-
tions are considered in [22] by using the upper and lower bounds of the average SER,
and thus, the diversity claims extend to higher order constellation schemes. Through
the rest of this chapter, the diversity order is proved for the average SER with BPSK.
4.2.2 General Link-Adaptive Relay Strategy for Power-Scaling MIMO
Relay
In Chapter 3, general link-adaptive relay strategy was studied for single-antenna
cooperative relay networks. Since the instantaneous pairwise error probability for
MIMO relay networks derived in Lemma 7 has the same form as that for single-
antenna relay networks which is shown in Eq. (7), and distributions of ρsr,i and ρsr are
identical as shown in Proposition 1, general link-adaptive relay strategy introduced in
Chapter 3 can be applied to power-scaling MIMO relay design. As a result, diversity
claim in Theorem 1 can be easily extended to power-scaling MIMO relay case.




















power-scaling MIMO relay design is presented in the following.










for ith antenna at the relay node. The diversity order of the average
SER at the destination is














k , and r
(r)
k are defined in D1)-D3), and g1(·), g2(·), and g3(·)
are from Definition 2.







instead of |hsr|2 as in Section 3.2.2.
Accordingly, the necessary and sufficient conditions to enable cooperative diversity












NSC2) The set {x : α(x) = 0} is measure zero, i.e., no zero interval, so that g3(r(r)k −
r
(l)
k ) = 1.









approaching the origin point is linear (p1 =




















near those roots must satisfy p
(l)
1k ≤ 1 and p
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1k ) = 1.
Now, we validate Corollary 3 with some examples. Power profile designs αAa and
αAd from Figure 7 and αBa and αBc from Figure 9 are shown in Figure 20 and the
bit-error rate (BER) for each power profile for power-scaling MIMO relay with N = 2
is plotted in Figure 21. For each design, the same power profile function is used for







may be different for different i. αAa is a power profile designed in Eq. (47)
and it was proved in Proposition 1 that cooperative diversity 2 is achieved with this




k ) = 0. Thus,




















around the origin, and according
to Corollary 3, they enable diversity order of 1 + g1(4) = 1.25 and 1 + g1(1/2) = 1.5,
















































Figure 20: Power profiles αAa, αAd, αBa, and αBc for power-scaling MIMO relay.



























Figure 21: BER of αAa, αAd, αBa, and αBc for power-scaling MIMO relay with N = 2.
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4.3 MIMO Relay with CC-ARQ
In the previous design, multiple antennas are used at receiver sides, however, receiver
diversity is not collected at the destination. ZFE comes with low complexity, but
provides inferior error performance. As shown in [66], the performance of ZFE is
directly linked to the orthogonality deficiency (od) of channel matrices, which we
introduce below.
Definition 3 For an M × N matrix B = [b1, b2, . . . , bN ], with bn being the nth
column of B, its orthogonality deficiency (od) is defined as





where ‖bn‖, 1 ≤ n ≤ N is the norm of the nth column of B.
As revealed in [66], the fundamental condition for ZFE to collect receive diversity
as MLE does is that the od of channel matrices is bounded above by a constant
strictly less than 1. However, the od of channel matrices with i.i.d. complex Gaussian
distributed does not meet the fundamental condition [66].
In this section, we propose a channel-controlled (CC-) ARQ design which depends
on the od of channel matrices. Alternative to diversity techniques in physical layer,
this ARQ scheme helps to achieve reliable transmission over MIMO fading channels in
data link layer. Different from traditional ARQ techniques for which the retransmis-
sion request is sent if error is detected using CRC, CC-ARQ requires retransmission
when od of the channel matrix is higher than a fixed threshold ǫth, which is strictly
less than 1, and thus satisfying the fundamental condition when ZFE is applied.
We will prove that discarding packets transmitted through poor channels before
decoding restores receive diversity for ZFEs and is more power efficient than the use
of CRC because: (i) no need to insert extra bits for error detecting; (ii) no need to
decode CRC for retransmissions; and (iii) no need to assume perfect CRC to guarantee
diversity. We summarize the design of MIMO relay with CC-ARQ as follows.
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Design 2 (MIMO Relay with CC-ARQ) Given the DF MIMO relay network sys-
tem model in (41) and a threshold ǫth ∈ (0, 1), the protocol of MIMO relay with CC-
ARQ is designed as in Figure 22. Here, the relay adopts an identity PSF matrix
A
1
2 = IN in (41).
The CC-ARQ transmission protocol in Figure 22 can be divided into two phases.
In the first phase, the source transmits and the relay and/or the destination request
retransmissions to the source until both od(Hsr) ≤ ǫth and od(Hsd) ≤ ǫth are satisfied.
If Hsr (Hsd) satisfies the od condition, but Hsd (Hsr) does not, the destination
(relay) sends the retransmission requests until od(Hsd) ≤ ǫth (od(Hsr) ≤ ǫth). In
the meantime, the relay (destination) hears another copy of ysr (ysd), and chooses
the one with the smaller corresponding od(Hsr) (od(Hsd)). The relay decodes and
forwards in the second phase and the destination requests retransmission to the relay
if od(Hrd) ≤ ǫth is not satisfied during the phase. In this way, all channels meet the
od condition. At the final step, the destination has one ysd and one yrd to combine
for each packet.
Now, performance analysis of the diversity order of the proposed MIMO relay
with CC-ARQ scheme is provided in the following.
4.3.1 Performance Analysis
Before the diversity order of the average SER of the proposed MIMO relay with
CC-ARQ is established, we find upper and lower bounds of the channel gain in the
following lemma.
Lemma 8 Let hi be the i







bounded above and below by








S transmits     
D has 
Ask S  
to retransmit 
At R, decode       
At R, forward          












D has R has 
At D, save        
At D, save        
D combines        and        and 
decodes according to Eq. (45) 
Figure 22: CC-ARQ protocol for DF MIMO relay networks.
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Proof: Let aTi be the i
th row of H† = (HHH)−1HH. Then, ai is the i
th column of









= aTi ai = ‖aTi ‖2. (54)
Also, from H†H = IN , it is shown that 1 = a
T
i hi. By Cauchy-Schwarz inequality,
we obtain
1 ≤ ‖aTi ‖2‖hi‖2. (55)
The upper bound can be derived from Eqs. (54) and (55).
The proof for the lower bound can be derived from [94, Lemma 1] where orthog-
onality defect δ is defined as δ = 1
1−od(H )
. From Eq. (3) in [94], if δ is bounded, or





and, from the definition of δ and Eq. (54), this is equivalent to













, the diversity order of the
average SER of the proposed MIMO relay with the CC-ARQ scheme is established
as follows.
Proposition 2 Given the DF MIMO relay network system model in (41), MIMO
relay with the CC-ARQ scheme proposed in Design 2 achieves full receive diversity at
the destination, i.e., Gd = N .
Proof: Since αi = 1 (no power scaling) in this scheme, the instantaneous pairwise



















































































where the last inequality is based on Lemma 8 and the inequality Q(x) ≥ 1/2 for
x ≤ 0. Since Hsr is the N ×N random channel with all entries being i.i.d. complex
Gaussian variables with zero mean and variance σ2sr, it can be seen that
2‖hsr,i‖2
σ2sr
is a chi-squared random variable with 2N degrees of freedom. According to [109,




diversity order of Eq. (56) is at most N . Therefore, we obtain
Pe,i ≥̇ ρ̄−N . (57)
Now, we consider the upper bound of Pe,i|H. From Q(x) ≤ 1 and Lemma 8, we
bound Pe,i|H above as
Pe,i|H ≤ Q
(√






































































are chi-squared random variables with 2N degrees of







Pe,i ≤̇ ρ̄−N . (59)
From Eqs. (57) and (59), we conclude that Pe,i =̇ ρ̄
−N . Thus, MIMO relay with the
CC-ARQ scheme achieves full receive diversity, which is N .
As we have seen, discarding packets transmitted through high od channels before
decoding is a good choice to improve the reliability of the transmission and power
efficiency, though the discarded packets do not necessarily contain errors. Receive
diversity is collected at the destination without the use of CRC. However, the disad-
vantage of CC-ARQ is that similar to all other ARQ methods, it causes long delay and
low throughput when experiencing a deep fading in a slow-fading environment. That
means retransmissions may be required for many times until the link recovers from
deep fading. For practical systems, truncated CC-ARQ can be applied by limiting
the maximum number of retransmissions to reduce the packet delay.
4.4 Power-Scaling MIMO Relay with CC-ARQ
In previous sections, we have developed two schemes that enabled cooperative diver-
sity or receive diversity. However, neither of them can achieve joint cooperative and
receive diversity 2N . Here, we combine those two schemes to enable joint diversity
for DF MIMO relay networks. The design of the power-scaling MIMO relay with
CC-ARQ is given in the following.
Design 3 (Power-Scaling MIMO Relay with CC-ARQ) Given the DF MIMO
relay network system model in (41) and a threshold ǫth ∈ (0, 1), the protocol of power-
scaling MIMO relay with CC-ARQ is designed as in Figure 22. Here, the relay em-
ploys the PSF matrix and transmits A
1
2 ŝr with αi in Eq. (47).
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The design of power-scaling MIMO relay with CC-ARQ is the same as that of MIMO
relay with CC-ARQ in Design 2 except for the PSF matrix A.
4.4.1 Performance Analysis
Now, we quantify the performance of the power-scaling MIMO relay with the CC-
ARQ scheme in the following proposition.
Proposition 3 Given the DF MIMO relay network system model in (41), the power-
scaling MIMO relay with the CC-ARQ scheme proposed in Design 3 achieves joint
cooperative and receive diversity at the destination, i.e., Gd = 2N .

















2 (ρsd,i − αiρrd,i)√
ρsd,i + αiρrd,i
)
=: Pe1,i|H + Pe2,i|H. (60)


















2ρ̄ (1− ǫth) (‖hsd,i‖2 + αi‖hrd,i‖2)
)
,







random variables with 2N degrees of freedom, the upper bound of the diversity order
based on the left-hand-side (LHS) of (61) is 2N . Thus, we have
Pe1,i ≥̇ ρ̄−2N . (62)
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rd,i to obtain the upper




















































































1 + (1− ǫth)α′iρ̄σ2rd
)N
dρ′sr,i, (65)




















sr,i/ρ̄ are all chi-squared random variables with 2N
degrees of freedom with Γ(N) = (N − 1)!. Substituting α′i from Eq. (64) to the















































































Combining Eq. (65) and Eq. (66), we obtain
Pe1,i ≤̇ ρ̄−2N . (67)
For the second item in Eq. (60), we bound Pe2,i|H above using Lemma 8 and
Chernoff bound [21] on Q-function to obtain
Pe2,i|H ≤ exp (−ρsr,i)Q
(√













(1− ǫth)ρ′sd,i − ρ′sr,i‖hrd,i‖2
)
√
(1− ǫth)ρ′sd,i + ρ′sr,i‖hrd,i‖2

 . (68)
Because ρ′sr,i ∼ Gamma(N, ρ̄σ2sr) and ρ′sd,i ∼ Gamma(N, ρ̄σ2sd), we can apply [107,
Lemma 2] to claim that the last term in Eq. (68) leads to diversity 2N when averaging
over random channel matrices, which means
Pe2,i ≤̇ ρ̄−2N . (69)





Thus, we have proved that power-scaling MIMO relay with CC-ARQ achieves the
joint cooperative and receive diversity order of 2N .
So far, we have proposed three MIMO relay designs: power-scaling MIMO relay,
MIMO relay with CC-ARQ, and power-scaling MIMO relay with CC-ARQ. Proposed
MIMO relay designs keep the low-complexity property in three-fold: (i) ZFEs are
applied at receivers to decode the transmitted signal; (ii) CRC is not required for
cooperative diversity; and (iii) no space-time cooperation between source and relay
is required. In the following, we show numerical examples to verify Propositions 1, 2
and 3, where the diversity orders claimed by our proposed DF MIMO relay designs
are verified.
4.5 Simulation Results
In this section, we present some numerical examples for a DF MIMO relay network
depicted in Figure 19 with various designs proposed. We plot the average BER curves
versus the average SNR ρ̄ = 1/N0. The number of antennas at each node is N . We
normalize the average PSF for the ith antenna (E[αi]) at the relay node to 1.
Test case 4.1 (BER comparison of different designs): We first verify the
performance of MIMO relay designs in Designs 1, 2 and 3. In Figure 23, we plot the
BER performance for N = 2 and quadrature phase-shift keying (QPSK) modulation.
The relay is located equidistant from the source and the destination, i.e., σ2sr =
σ2rd = σ
2
sd = 1. Seven designs are plotted: ZFE for the source-destination link only
networks, ZFEs at the relay and destination, ZFEs with CC-ARQ with ǫth = 0.93,
ZFEs with PSF, ZFEs with PSF and CC-ARQ with ǫth = 0.93, MLEs with PSF, and
ZF-MLE with PSF and CC-ARQ, which means ZFE is adopted at the relay while
MLE is applied at the destination and the CC-ARQ is applied on the source-relay
link. Observed from the figure, ZFE for the source-destination link only and ZFEs at
the relay and destination achieve diversity 1, while receive diversity N = 2 is achieved
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Figure 23: BER comparison of different schemes with N = 2 and QPSK.
for ZFEs with CC-ARQ and cooperative diversity 2 is achieved for ZFEs with PSF.
ZFEs with PSF and CC-ARQ achieves joint cooperative and receive diversity 2N = 4,
which verifies our Proposition 3. Also, the diversity of ZF-MLE with PSF and MLEs
with PSF is 2N = 4 as expected. However, though no CC-ARQ is required, the
exponential complexity makes it infeasible for practical systems, especially when N
and/or the constellation size is high.
Test case 4.2 (Asymmetric network topology): In this example, we test MIMO
relay designs with ZFEs for asymmetric network topology where Hsr, Hrd and Hsd
are the N×N random channel matrices with all entries being i.i.d. complex Gaussian




sd, respectively. We compare




sd) = (2, 1, 1), (1, 2, 1), (1, 1, 2) in Figure 24. We can
see that diversity order is not affected by network topology. Again, power-scaling
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ZF + PSF + CC−ARQ, ε
th
=0.930
Figure 24: BER with asymmetric network topology, N = 2 and QPSK.
MIMO relay with CC-ARQ achieves joint diversity order of 2N = 4, while power-
scailng MIMO relay and MIMO relay with CC-ARQ achieve only cooperative diversity
or receive diversity. For MIMO relay with CC-ARQ design, high σ2sr (or, when the
relay is located close to the source) achieves better performance than other settings,
while high σ2sd performs best in other designs where power scaling is adopted at the
relay.
Test case 4.3 (BER comparison for different modulations): In this example,
we test MIMO relay designs with ZFEs for various modulation schemes. We compare
the average BER performance of QPSK, 16-QAM, and 64-QAM for power-scaling
MIMO relay, MIMO relay with CC-ARQ, and power-scaling MIMO relay with CC-
ARQ when the number of antennas at each node is N = 2. The CC-ARQ threshold
ǫth = 0.93 is set at the relay and destination if CC-ARQ scheme is adopted. Figure 25
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ZF + PSF + CC−ARQ, ε
th
=0.930
Figure 25: BER comparison for different constellations with N = 2.
verifies that each design achieves the same diversity for various modulation schemes.
Also, while attaining the same diversity gain, higher-order constellation incurs loss in
coding gain, as expected.
Test case 4.4 (The effect of the number of antennas): Next, we compare
receive diversity collected at the destination for different number of antennas N when
CC-ARQ scheme is adopted. The average BER for MIMO relay with CC-ARQ and
power-scaling MIMO relay with CC-ARQ is plotted in Figure 26 with N = 1, 2 and
4. We use 16-QAM as the modulation scheme. The CC-ARQ threshold ǫth is set
such that retransmission requirement rate is 20% for N = 2, 4. From the figure, we
observe that the diversity order collected increases as N increases, showing the effect
of multiple antennas on the receive diversity. The diversity of the latter scheme is
higher, which is 2N , because of the use of PSF A at the relay which also enables
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ZF + CC−ARQ, N=1
ZF + CC−ARQ, N=2, ε
th
=0.852
ZF + CC−ARQ, N=4, ε
th
=0.987
ZF + PSF + CC−ARQ, N=1
ZF + PSF + CC−ARQ, N=2, ε
th
=0.852
ZF + PSF + CC−ARQ, N=4, ε
th
=0.987
Figure 26: The effect of the number of antennas when N = 1, 2, 4 with 16-QAM.
cooperative diversity.
Test case 4.5 (The effect of CC-ARQ threshold ǫth): In this example, we
illustrate the effect of ǫth on the BER performance of MIMO relay strategy that adopts
the CC-ARQ scheme. In Figure 27, we plot the average BER of MIMO relay with
CC-ARQ and power-scaling MIMO relay with CC-ARQ as ǫth = 0.987, 0.974, and
0.951, for which the percentage of network realizations that require retransmissions
are 20%, 33%, and 50%, respectively. The number of antennas is N = 4 and 64-QAM
is used for modulation. It is shown in the figure that the slope decays faster, and
thus, the BER performance is enhanced when ǫth is set small, which verifies that
od of the received channel is a critical parameter that determines the performance of
ZFE. However, a tradeoff emerges because smaller ǫth also means more retransmission
requests which degrade the spectral efficiency.
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ZF + CC−ARQ, ε
th
=0.987
ZF + CC−ARQ, ε
th
=0.974
ZF + CC−ARQ, ε
th
=0.951
ZF + PSF + CC−ARQ, ε
th
=0.987
ZF + PSF + CC−ARQ, ε
th
=0.974
ZF + PSF + CC−ARQ, ε
th
=0.951
Figure 27: The effect of ǫth with N = 4 and 64-QAM.
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Test case 4.6 (Comparisons with cooperative ARQ): We next compare our
proposed designs with the cooperative ARQ design in [116] by extending the co-
operative ARQ in [116] to MIMO relay networks and assuming ZFE is applied to
obtain the estimate whenever decoding is required. For MIMO relay networks with
N = 4 and 64-QAM modulation scheme, we plot the average BER of the cooperative
ARQ, MIMO relay with CC-ARQ, and power-scaling MIMO relay with CC-ARQ with
ǫth = 0.987. As verified in Figure 28, the cooperative ARQ achieves cooperative di-
versity, while MIMO relay with CC-ARQ achieves receive diversity and power-scaling
MIMO relay with CC-ARQ achieves joint diversity.
In Figure 29, we compare the average number of transmissions per packet for
these ARQ designs, which is defined as the total number of transmissions from source
over the number of packets received at destination. The cooperative ARQ design
in [116] requires retransmissions depending on the correctness of received packets.
Therefore, the average number of transmissions of cooperative ARQ decreases as
SNR increases. Here we assume that cooperative ARQ can perfectly detect the error.
However, due to the finite length of CRC, the performance of cooperative ARQ should
be worse than what we present here. As shown in Figure 29, for practical SNR range
(5 to 20 dB), proposed designs require much fewer number of retransmissions than
the cooperative ARQ. Although the cooperative ARQ requires fewer retransmissions
when SNR is high ( > 20 dB), the improvement is marginal. Furthermore, cooperative
ARQ requires higher encoding/decoding complexity because of CRC.
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ZF + CC−ARQ, ε
th
=0.987
ZF + PSF + CC−ARQ, ε
th
=0.987
Figure 28: BER comparison with cooperative ARQ with N = 4 and 64-QAM.






































Figure 29: The average number of transmissions per packet.
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4.6 Conclusions
In this chapter, we proposed several low-complexity DF MIMO relay designs that
achieve diversity for i.i.d. complex Gaussian channels. We have analyzed the BER
performance of each design in terms of diversity order. We have shown that the power-
scaling design at the relay enables cooperative diversity at the destination. To exploit
receive diversity, we propose a CC-ARQ scheme. Also, power scaling with the CC-
ARQ scheme was proposed to achieve joint diversity enabled by the network. The
proposed schemes exhibit low-complexity from the use of simple ZFE. Simulations
show that the DF MIMO relay design with power scaling and CC-ARQ outperforms




AMPLIFY-AND-FORWARD MIMO RELAY STRATEGY
WITH PEAK-POWER CONSTRAINT
Along with the DF relay scheme, AF relay is another widely adopted relay strategy
in the literature [31, 38, 48, 54, 59, 62, 100, 122]. In the AF strategy, the relay simply
amplifies the received signal and forwards it to the destination. The destination
combines received signals from the source and the relay using different techniques to
collect the cooperative diversity [59, 62, 100]. However, one practical issue the AF
relay strategy encounters is that many RF/analog components, e.g., power amplifiers
(PAs), have a peak-power constraint [9, 29], while the amplifying gain and the output
signal of the PAs at the relay may be unbounded. This may cause nonlinear distortion
and/or clipping of the peaks in the output signal at the relay, which may result in a
performance-error floor at the destination. Increasing back-off can avoid clipping at
the relay, but the system becomes inefficient from the power resources point of view
[85].
Several works have studied this issue in AF relay networks with single antenna
setup [30, 63]. However, for the case when MIMO is used in AF relay networks,
i.e., for AF MIMO relay networks, this issue has not been fully considered. In this
chapter, we study AF MIMO relay networks with peak-power constraints at the relay
when the direct link between source and destination is available. With the power-
scaling strategy adopted at the relay, we give conditions for the power profile to enable
joint cooperative and receive diversity at the destination while satisfying peak-power
constraint conditions at the relay. The benefit of the proposed method is three-fold:
(i) our proposed strategy avoids any saturation at peak-power constrained relays; (ii)
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our strategy is able to collect joint cooperative and receive diversity without feedback
information; and (iii) the proposed power profile is a simple and bounded scalar
despite the MIMO structure.
5.1 System Model of AF MIMO Relay Networks
We consider a single-relay network consisting of a source (S), a relay (R), and a des-
tination (D) with N antennas at each node. Each transmission period is divided into
two time slots. In the first time slot, the source node transmits the N×1 information
symbol vector s to the relay and destination node, while in the second one, the relay
forwards the received symbol vector ysr to the destination after the amplification with
power scaling factor (PSF) G. Note that we fully take multiple antennas for spatial
multiplexity, i.e., no space-time coding. With subscripts signifying the corresponding
link, e.g., the subscript sr denotes the link from S to R, the mathematical formulation
of the baseband equivalent model for AF MIMO relay system can be written as
ysr = Hsrs+wsr,




where y is the N × 1 received signal. G is a real-valued PSF at the relay. H ij is the
N ×N random channel with all entries being i.i.d. complex Gaussian variables with
zero mean and variance σ2ij for i-j link. All the channels are considered to be flat and
quasi-static. We assume all channel matrices are known at the corresponding receiver
side. The N ×1 noise vector w is i.i.d. complex Gaussian distributed with zero mean
and variance N0, i.e., E[ww
H] = N0IN. The average symbol power E[|si|2] is set to
1, and the average SNR is defined as ρ̄ = 1/N0. The average transmit power at the
relay is constrained to E[‖
√
Gysr‖2] = N .
Upon receipt of signals yrd and ysd, the destination node stacks them to define an
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where H̄ and w̄ are the effective channel matrix and the effective noise of the extended
system, respectively.


















































Q1 := IN +GHrdH
H
rd. (72)
Thus, the effective noise vector w̄ is colored Gaussian noise and we need to normalize
the covariance matrix in order to simplify the expressions in the white Gaussian noise










where now we have white Gaussian noise n̄ = Q−
1
2 w̄ with E[n̄n̄H] = N0I2N.
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After applying the whitening filter, the ML receiver detects the symbol vector s
as












where S is the finite alphabet of the information symbols. Note, the ML receiver
performs a minimization over all transmitted vector hypotheses.
In this chapter, we use diversity order, defined in Eq. (3), as a performance metric
with peak-power constraints. It is well known that the diversity order depends on
the degrees of freedom provided by the underlying fading channels. In AF MIMO
relay networks adopting V-BLAST, the destination can collect two types of diversity:
spatial diversity N due to multiple receive antennas and cooperative diversity 2 which
comes from the additional S − R −D path besides direct S −D path. Accordingly,
the appropriate design will collect a joint diversity order of 2N .
One practical concern for AF relaying is that the output signal at the relay may
be unbounded if the relay does not choose the amplifying gain carefully. Since many
RF/analog components in the transmission chain, especially the PAs, are peak-power
constrained devices, PAs should operate at low power efficiency by large back-off, or
the output signal may suffer from nonlinear distortion and/or saturation at the relay,
resulting in performance-error floor at the destination. Thus, in the next section,
we study peak-power limited AF MIMO relay strategies which enable joint diversity
order of 2N .
5.2 Peak-Power Limited AF MIMO Relay Strategies
As discussed in the previous section, we consider practical situations where the peak
power and relay gain G are constrained at the relay. In this section, we first find a
sufficient condition on the PSF G to enable joint diversity 2N and we propose simple
and practical peak-power limited PSF design examples that satisfy the condition.
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5.2.1 Power Scaling at the Relay
Since PAs have a limited capability to amplify the received signal, we consider
bounded PSF G = min(1, G′) in this section. In the following proposition and proof,
we show a sufficient condition on the PSF G such that the average error probability
at the destination has diversity order of 2N .
Proposition 4 If the PSF G is designed such that








where e = si − sj 6= 0, ∀si, sj ∈ SN, and Ce > 0 is a constant, then the ML detector
in Eq. (74) at the destination achieves joint diversity order of 2N .
Proof: Given the set of three channel matrices H = {Hsr,Hsd,Hrd}, the instanta-
neous pairwise error probability of the ML receiver for an error pattern e = s− s̃ is
bounded above as

























Using the method of calculating characteristic function of a random variable [101],


















































































where Q2 is defined as
Q2 := IN +HrdH
H
rd.
Note we have used Q1 = IN + GHrdH
H
rd from Eq. (72) and G ≤ 1. If there exists





= CeIN, then we have



















We average Eq. (77) over Hrd to get the upper bound of the average pairwise error
probability as

























































rd is a complex central Wishart matrix W ∼ W (N, IN) with
N degrees of freedom and the scale matrix IN. We use the result in [90, Lemma 1]
























Hence, from Eqs. (78) and (79) we have shown that Pe(s → s̃) ≤̇ ρ̄−2N . Thus, the
average pairwise error probability achieves diversity order of 2N .
5.2.2 Practical Design Examples
Now, we propose simple and practical AF MIMO relay designs with bounded PSF G
which satisfies the condition in Proposition 4 and compare them with the conventional
fixed-gain AF strategy [48] extended to MIMO relay setup.
Fixed-gain AF [48]: The PSF Gf is designed as
Gf = λf ,
where λf is a power normalizer so that E[‖
√
Gfysr‖2] = N .
Design 1: The PSF G1 is designed as








where ‖Hsr‖F is the Frobenius norm of Hsr, i.e., ‖Hsr‖F =
√
trace(HHsrH sr), and
λ1 is an average power normalizer.
Design 2: The PSF G2 is designed as








and λ2 is an average power normalizer.
In conventional fixed-gain strategy [48], the instantaneous output power at the
relay is linearly proportional to the instantaneous received signal power, and thus the
output signal waveform may suffer from large envelope variations. This leads to the
power inefficiency [27] or the degradation of the performance if the output signal is
saturated at the PA.
Design 1 considers the instantaneous S − R channel state information to control
the relay power. When the channel is strong, i.e., ‖H sr‖2F is high, the relay scales
down the output power accordingly. On the other hand, when the channel is weak,
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the relaying gain is increased. This is contrary to the PSF design for DF MIMO relay
networks in Eq. (47), where the relay scales down the transmission power when the
S − R channel is weak. The maximum gain of G1 is bounded since the gain of the
power amplifier may be limited. In this way, the output peak power is also reduced
compared to the conventional fixed gain strategy. However, the transmitted signal
power is not strictly bounded because of random noises at the relay. Also, channel
estimation is required at the relay for this design.
Design 2 uses the instantaneous received signal power ‖ysr‖2 to determine the
relay gain G2. The peak power of the transmitted signal can be easily shown to be
bounded by λ2, and thus, Design 2 is suitable for peak-power constrained systems.
In addition, channel estimation is not needed at the relay. Therefore, Design 2 is the
most preferred design among these three in terms of the energy efficiency since the
output signal power as well as the maximum gain of the PA at the relay are always
bounded.
Next, we will prove that all three designs satisfy the condition in Proposition 4,
so that all designs enable joint diversity 2N at the destination. We will first prove







where C1,e > 0. Let hpq be the (p, q)
th element of Hsr and e = [e1 · · · eN ]T . Then,
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= C1,e > 0,
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where the last equality comes from the assumption that hpm’s are i.i.d. For non-i.i.d.
channel matrices, C1,e can be selected as the minimum among all C1,e(p)’s and the
equal sign can be changed to “≥”, and Proposition 4 still holds true. Therefore, the
relay gain G1 enables joint diversity 2N by Proposition 4. The proof for Gf (fixed-gain
design) is straightforward by following the same procedures as for G1.
For G2 (Design 2),
1
‖ysr‖2
































Plugging Eq. (82) into Eq. (76) in the proof of Proposition 4, it shows that G2
enables at least the same diversity as G1 and we expect that Design 2 outperforms
Design 1 at high SNR.
Note that, the diversity order at the destination is not affected by the underlying
modulation scheme as shown in Chapters 3 and 4.
5.3 Simulation Results
In this section, we present some numerical examples to validate our designs for AF
MIMO relay networks. The number of antennas at each node is N . For the fair com-
parisons among different designs, the PSF G is normalized to satisfy E[‖
√
Gysr‖2] =
N . QPSK modulation is adopted unless otherwise mentioned.
Test case 5.1 (Peak-power at the relay): In Figure 30, we compare transmitted
signal power distributions at the relay for fixed-gain AF, Design 1 and Design 2. We
also plot the performance of joint MMSE (JMMSE) scheme [47] where the linear
processing at the relay is designed based on the MMSE criterion. The average SNR
is set to ρ̄ = 15dB. As shown in Figure 30, transmitted signal power distributions at
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Figure 30: Transmitted signal power distribution per antenna at the relay with
ρ̄ = 15dB.
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Figure 31: The comparison of CCDF curves of the PAR with ρ̄ = 15dB.
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the relay for fixed-gain AF and JMMSE have much longer tails compared to Design
1 and Design 2, which means lower power efficiency and more saturation possibilities
for fixed-gain AF and JMMSE. This is a consequence from the fact that the PSF
G does not account for the instantaneous channel variations or the received signal
power. The output peak powers for fixed-gain AF and JMMSE are around 11 and 14,
while Design 1 and Design 2 have their peak power around 5.4 and 2.7, respectively.
In Figure 31, the complimentary cumulative distribution function (CCDF) curves
for peak-to-average power ratio (PAR) are compared for four designs with QPSK and
16-QAM modulations. The boundedness of the peak power of Design 2 is demon-
strated in the figure, which verifies that Design 2 is most suitable for peak-power
constrained systems regardless of the underlying constellation.
Test case 5.2 (The effect of the number of antennas on the diversity order):
In Figure 32, we plot the average BER curves versus the average SNR ρ̄ for N = 2
and 4. We observe that the diversity order achieved increases as N increases, and all
designs achieve the same diversity order of 2N . We also observe that Design 1 and
Design 2 perform slightly better than the fixed-gain AF. The performance of JMMSE
scheme [47] is also plotted as a reference. Note that JMMSE scheme utilizes both
S − R and R − D channel information at the relay while the other three use none
of them or only S − R channel information at the relay, which means they do not
require any feedback information.
Test case 5.3 (Application of CC-ARQ): The ML receiver at the destination,
presented in Eq. (74), provides the optimal error performance, but it comes with high
decoding complexity for a large number of antennas and high-order constellations
(O(|S|N)). In Chapter 4, CC-ARQ was introduced for DF MIMO relay networks.
Combined with the CC-ARQ at the receivers, low-complexity ZFEs enable the receive
diversity for DF MIMO relay networks. Here, we can also apply CC-ARQ techniques
to AF MIMO relay networks and use ZFE at the destination to reduce the decoding
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Ask S to retransmit
D decodes
R forwards
Figure 33: CC-ARQ protocol for AF MIMO relay networks.
complexity. The AF MIMO relay protocol with CC-ARQ is provided in Figure 33.
After receiving signals from the source and the relay, the destination checks the od
condition ofQ−
1
2H̄ , and requests retransmission to the source if the od condition fails.
In this way, od(Q−
1
2H̄) < ǫth ∈ (0, 1) is always guaranteed. According to [66], linear
equalizers collect the same diversity as MLE does if od(H) ≤ ǫ, ∀H , and ǫ ∈ (0, 1).
For our ML detector in Eq. (74), we have H = Q−
1
2H̄ . Thus, if od(Q−
1
2H̄) < ǫth
is guaranteed by the CC-ARQ protocol in Figure 33, the diversity order collected at
the destination will be the same as that collected by ML receiver, which is 2N . Note
that, the retransmission is only requested from the destination, since the relay does
not decode, but only amplifies and forwards the received signal.
Figure 34 shows the BER performance of proposed designs for AF MIMO relay
networks when the destination adopts ZFE, ZFE combined with CC-ARQ (Figure
101



























Figure 34: BER comparison for different receivers with N = 2 and QPSK.
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33), and MLE (Eq. (74)). The CC-ARQ threshold ǫth = 0.604 is set such that
retransmission requirement rate is 10%. As verified in the figure, CC-ARQ scheme
achieves the same diversity as MLE does at high SNR. At BER = 10−4, the average
SNR gap between ZFE and MLE is 4dB, but it is reduced to 1dB by using CC-ARQ
with ZFE.
5.4 Conclusions
In this chapter, we presented AF MIMO relay strategies which guarantee bounded
relay gain and bounded output power at the relay PA. We found sufficient conditions
on gain-bounded PSF designs at the relay to achieve joint cooperative and receive
diversity at the destination. Based on the conditions, we proposed a simple and
practical yet diversity enabling relay design (Design 2) suitable for peak-power limited





In this dissertation, we have studied practical wireless cooperative relay designs that
can achieve low error rate, low complexity, and high power efficiency. The main
research results are summarized in the following list:
• General link-adaptive power-scaling relay strategy for DF cooperative relay net-
works was proposed;
• The diversity order enabled by general link-adaptive power-scaling relay strat-
egy was studied and quantified;
• It was shown that the behavior of the power profile near its roots plays an
important role in determining the diversity order at the destination;
• Necessary and sufficient conditions on the power profiles to guarantee full di-
versity for DF cooperative relay networks were provided;
• The diversity results for single-relay networks were extended to multi-relay net-
works;
• Low-complexity DF MIMO relay designs were proposed and the BER perfor-
mance of each design was analyzed in terms of diversity order;
• General link-adaptive relay strategy was adopted to DF MIMO relay networks
to enable cooperative diversity;
• CC-ARQ scheme with low-complexity LEs was developed to enable spatial di-
versity for DF MIMO relay networks;
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• Power-scaling strategy combined with CC-ARQ is proposed to achieve joint
cooperative and receive diversity for DF MIMO relay networks;
• Peak-power constrained AF MIMO relay was studied and sufficient conditions
on the relay gain to achieve joint cooperative and receive diversity were found;
• Simple and practical yet diversity enabling relay design examples were provided
suitable for peak-power limited systems;
• CC-ARQ is applied to AF MIMO relay networks to reduce the decoding com-
plexity.
6.2 Suggestions for Future Research
The following is a list of interesting research topics that can be pursued as extensions
of this dissertation:
• Spectral-efficient link-adaptive DF relay scheme to achieve diversity order of
NR + 1 for multi-relay networks, e.g., relay selection schemes;
• The impact of MIMO channel estimation errors on od(H) and CC-ARQ;
• Peak-power constrained AF MIMO relay designs that do not require the desti-
nation to know two-hop CSI, i.e., the CSI of source-relay link.
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